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CHAPTER  I 

PERFORMANCE  OF.  ALTERNATING-CURRENT  GENER- 
ATORS.    REGULATION  AND  CONTROL. 

Thb  armature  windings  of  alternators  have  been  taken  up 
in  detail  in  the  ''First  Course"  as  a  practical  means  of 
studying  the  current  and  voltage  relations  in  polyphase  cir- 
cuits. It  is  now  necessary  to  note  the  performance  of  the 
alternator  as  a  whole  when  in  service. 

The  purchaser  and  the  operator  of  an  alternating-current 
generator  are  concerned  about  the  following  features: 

First  How  does  the  generator  behave  when  it  delivers 

power? 
Second.   How  much  power  can  a  given  generator  deliver 
without  endangering  its  own  safety;  or,  how  large  a 
generator  is  required  to  carry  a  given  load? 
Third.  How  does  the  generator  interact  with  other  parts 
of  the  system  to  which  it  must  be  connected? 
These  actions  or  properties  are  more  or  less  interdependent, 
and  it  is  impossible  to  discuss  any  one  of  them  without  in- 
volving all.    The  discussions  in  the  two  following  chapters 
are  prepared  for  the  man  who  is  responsible  for  the  mainte- 
nance of  good  service  in  the  electric  plant  or  system  and  for 
the  man  who  pays  the  bills  and  seeks  the  profit,  rather  than 

for  the  designer. 
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ALTERNATING-CURRENT  ELECTRICITY 


1.  Effects  of  Loading  an  Alternator.  As  we  increase  the 
current  taken  from  an  alternator,  by  increasing  the  load 
which  is  connected  across  its  terminals,  we  notice  the  follow- 
ing effects: 

First.  The  armature  windings  heat  up,  and  there  is  in 
consequence  a  general  temperature  rise  all  over  the 
machine. 
Second.  The  efficiency  changes,  at  first  rising  as  the 
load  increases,  but  falling  off  again  for  very  large 
loads. 
Third.  The  terminal  voltage  tends  to  fall;    to  keep 
it   constant   requires   adjustment,   either   manually 
by   an  operator,  or  automatically  by   a   "voltage 
regulator." 
Fourth.  The  form  of  the  e.m.f .  wave  may  change. 
These  effects  have  been  stated  in  the  usual  order  of  their 
importance.    All  of  them  are  troublesome  or  undesirable 
in  one  way  or  another.    If  any  one  of  them  were  to  proceed 
far  enough  it  might  set  a  limit  to  the  amount  of  power  that 
could  be  taken  from  the  alternator,  although  usually  the 
heating  limit  is  reached  first. 

2.  Heating  of  the  Alternator.  All  of  the  losses  in  an 
electrical  machine  appear  as  heat,  in  one  part  or  another. 
These  losses  are: 

First.  PR  in  the  armature  winding. 

Second.  PR  in  the  field  winding. 

Third.  Hysteresis    and    eddy-current    losses     ("  iron 

losses")  in  the  armature  core. 
Fourth.   Friction,  of  the  shaft  in  the  bearings,  of  brushes 

on  collecting-rings,  and  of  all  moving  parts  against 

air. 
Fifth.  Eddy-ciurrent  loss  in  the  faces  of  the  poles. 
When  heat  energy  is  developed  in  or  applied  to  any  body,  the 
temperature  of  the  body  is  raised.*    The  body  tends  to  lose 

*  This  statement  does  not  apply  to  bodies  which  are  in  process  of 
changing  from  solid  to  liquid,  or  liquid  to  gas,  or  vice  versa. 
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heat  energy  to  its  surroundings  in  proportion  to  the  excess 
of  its  own  temperature  above  the  temperature  of  the  sur- 
TDimdings.  The  temperature  of  the  body  will,  therefore, 
rise  until  the  rate  of  losing  heat  is  equal  to  the  rate  of  de- 
veloping or  supplying  heat  in  the  body.  When  this  state  of 
equilibrium  is  attained,  the  temperature  ceases  to  rise  and 
is  steady.  It  is  as  if  we  were  pumping  water  into  a  tank  with 
a  hole  in  its  base;  the  level  will  rise  \mtil  the  pressure  or 
''head"  due  to  it  forces  water  out  through  the  hole  as  fast  as 
it  is  being  pumped  in.  Then  the  level  becomes  stationary. 
The  head,  or  pressure,  is  a  measure  of  the  outflow  of  water 
and  corresponds  to  the  excess  of  temperature  of  a  body  above 
its  surroundings. 

If  we  keep  the  size  of  outlet  from  J^he  tank  fixed,  and  increase  the 
rate  of  pumping,  the  head  increases.  *  If  we  keep  the  rate  of  pumping 
fixed  and  reduce  the  outlet,  the  head  also  increases.  Similarly,  if 
we  increase  the  rate  of  heat  development  in  a  machine  by  operating 
it  in  a  manner  to  increase  any  of  its  losses,  leaving  the  surroundingB 
unchanged,  the  temperature  rises;  and  conversely,  if  the  losses  be 
decreased,  the  temperature  falls.  Also,  if  we  do  anything  which 
fadlitates  the  escape  of  heat,  the  temperature  corresponding  to  any 
given  rate  of  loss  will  be  lowered,  and  if  we  retard  the  escape  of 
heat,  the  temperature  will  be  raised. 

Temperature  has  a  very  profound  and  serious  effect  upon  most 
materials  which  are  suitable  to  be  used  as  insulators  in  an  electrical 
machine.  Such  materials  are  paper  or  sheet  fiber,  and  fabrics  of 
cotton,  linen  or  silk.  These  are  impregnated  with  shellacs  or 
varnishes  made  of  natural-oil  resins  or  gums,  such  as  are  used  in 
insulating  paints  and  compounds.  At  comparatively  low  tem- 
peratures the  resins  and  gums  become  partial  conductors  and  allow 
leakage  currents  to  flow  within  the  machine  from  one  conductor  to 
another.  This  develops  more  heat,  which  very  quickly  ruins  the 
windings  and  makes  a  short-circuit.  The  papers  and  fabrics  at 
high  temperatures  quickly  become  charred  and  crumble,  allowing 
the  conductors  to  come  in  contact  with  one  another  and  with  the 
frame  of  the  machine.  The  highest  permissible  temperature  to 
which  ordinary  insulations  may  be  subjected  continuously  is  about 
90^  to  100°  C.  Below  this  temperature,  the  insulation  is  not  per- 
manent, but  deteriorates  very  slowly,  breaking  down  in  perhaps 
twenty  to  fifty  years.    Above  this  temperature,  the  rate  of  deteriora- 
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tion  increaaes  very  rapidly;  on  short-circuit,  it  might  be  completely 
ruined  in  a  few  seconds. 

The  time  required  by  the  generator  to  reach  this  TnaYiniiinn 
allowable  temperature  depends  upon  many  conditions.  If  the 
machine  is  heavy  and  contains  a  great  quantity  of  material,  its 
heat-storage  capacity  is  large,  and  it  may  take  12  hours  continuous 
operation  at  full  load  to  reach  a  steady  temperature.  If  it  is  a  small 
high-speed  machine  for  the  same  capacity  and  having  approxi- 
mately equal  losses,  it  may  reach  a  steady  temperature  in  6  hours. 
This  time  depends  also  upon  the  ratio  between  power  losses  and 
radiating  surface. 

In  most  modem  machines  a  great  increase  of  output  is  obtained 
from  a  given  size  and  weight  by  using  fans  or  vanes  to  force  air 
currents  through  "ventilating  ducts ''  in  the  machine.  The  amount 
of  losses  or  heat  that  can  be  carried  away  from  each  square  inch  of 
surface  without  exceeding  the  highest  permissible  temperature,  is 
thus  increased  enormously.  If  anything  should  happen  to  restrict 
the  quantity  of  air  blown  through  this  machine,  such  as  a  stoppage 
of  the  fans,  the  temperature  would  rise  very  rapidly,  probably 
beyond  the  allowable  limit  in  a  few  minutes.  In  some  locations, 
dirt  in  the  atmosphere  sticks  to  the  ventilating  passages  and  con- 
tracts them  so  that  the  machine  must  be  dismantled  and  cleaned 
periodically,  notwithstanding  the  facts  that  the  air  velocities  in  the 
passages  are  cyclonic  and  that  the  air  is  often  cleansed  before 
being  taken  to  the  machine. 

Vaiiations  of  the  output  of  a  machine  also  have  an  im- 
portant effect  upon  both  the  rate  and  ultimate  amount  of 
its  temperature  rise.  The  average  power  output  depends 
directly  upon  the  average  value  of  the  effective  current;  but 
the  average  rate  of  heating  depends  upon  the  average  square 
of  the  effective  current  {PR).  If  the  power  or  amperes  out- 
put varies,  we  shall  find  that  the  average  value  of  {PR)  is 
greater  than  the  value  of  (Average  lY  X  -R.  This  means, 
that  if  the  temperature  of  a  generator  or  other  machine  de- 
pends upon  the  average  rate  of  heating,  or  upon  the  average 
losses,  the  temperature  will  be  higher  on  a  fluctuating  load  than 
on  an  equivalent  steady  load. 

However,  if  the  variations  of  load  are.  very  slow,  and  particularly 
if  the  high  loads  are  persistent,  the  danger  of  overheating  may  not 
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be  determined  by  the  average  watts  losti  but  by  the  watts  lost  at 
the  high  loads.  Thus,  it  is  frequently  specified  or  guaranteed  that 
a  generator  shall  be  able  to  carry  rated  full-load  continuously, 
25  per  cent  overload  for  two  hours,  50  per  cent  overload  for  one 
minute,  and  100  per  cent  overload  momentarily,  all  without  danger 
to  its  insulation.  Evidently  the  temperature  rises  at  a  much 
greater  rate  than  the  load. 

The  operating  temperature  of  the  generator  depends  also  upon 
the  temperature  of  its  surroundings  and  upon  the  temperature  of 
the  air  supplied  to  it  for  ventilation.  The  load  determines  the 
power  losses,  and  these  determine  the  temperature  difference 
between  the  machine  and  its  surroundings.  But  the  danger  to  the 
instilation  depends  upon  the  actual  maTinnim  tempefatore  of  the 
insulation.  If  the  operating  room  in  general,  and  the  ventilating 
air  in  particular,  has  a  high  temperature,  this  will  reduce  the  per- 
missible margin  of  the  temperature  rise,  which  limits  the  rate  of 
heat  loss,  and  therefore  the  load.  If  the  air  temperature  is  low,  the 
generator  may  carry  a  larger  load  with  safety.  Sometimes,  par- 
ticulaiiy  in  small  plants,  the  capacity  of  the  generators  is  reduced, 
or  their  depreciation  at  rated  full  load  is  increased,  by  locating 
them  in  a  hot  or  poorly-ventilated  room.  Heating  is  a  condition 
which  aggravates  itself,  because  a  rise  in  temperature  of  the  windings 
increases  their  resistance,  so  that  the  same  current  produces  a 
greater  PR  loss,  and  this  tends  to  increase  the  temperature  still 
further. 


This  matter  of  heating  is  too  important  to  be  left  to  the 
varying  judgment  of  individuals,  and  therefore  definite  rules 
as  to  the  amount  of  temperature  rise  permissible,  and  the 
conditions  under  which  it  should  be  measured,  have  been 
agreed  upon  by  electrical  engineers  and  manufacturers  of 
electrical  machinery.  These  are  to  be  found  among  the 
'^Standardization  Rules"  of  the  American  Institute  of 
Electrical  Engineers,  which  specify  the  minimum  require- 
ments of  good  practice  in  the  operating  and  testing  of  electri- 
cal machinery.  The  rules  cover  in  detail  many  points  other 
than  the  heating  and  rating  of  machines,  and  are  too  exten- 
sive to  be  reviewed  here.  They  may  be  found  in  any  elec- 
trical handbook,  and  should  be  referred  to  whenever  the 
ratiiig  or  performance  of  any  electrical  machine  is  in  question. 
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Example  1.  The  Standardization  Rules  state  that  the  tempera- 
ture of  the  fieLd  and  armature  should  not  be  permitted  to  rise  more 
than  55^  C.  above  the  room  temperature.  The  armature  tempera- 
ture of  a  certain  generator  rises  70^  C.  when  delivering  a  steady- 
load  of  200  kv-a.  What  is  the  greatest  load  in  kilovolt^amperes 
which  this  generator  should  be  permitted  to  carry  continuously  at 
this  voltage? 

Note,  (a)  The  rate  of  heat  loss  is  approximately  proportional 
to  the  difference  between  maclune  temperature  and  room  tempera- 
ture. 

(6)  It  is  safe  to  assume  that  half  the  heat  loss  with  a  55°  rise  in 
temperature  is  due  to  hysteresis  and  eddy  currents  in  the  machine 
and  is  constant  at  all  loads.  The  other  half  is  due  to  the  PR  loss 
in  the  copper  and  is  thus  proportional  to  the  square  of  the  current. 

Applying  (o), 

loss  with  55°  rise  _  55      U 

loss  with  70°  rise  ""  70  ^^  14' 
Applying  (6), 
let  /  =  current  with  55°  rise, 

Zi  =  current  with  70°  rise. 
Loss  with  55°  rise  =  iron  loss  +  /V  loss. 


But 


iron  loss  =  ZV  loss. 


Thus  loss  with  55°  rise  =  2  ZV  loss. 

Loss  with  70°  rise  =  iron  loss  +  ZiV  loss 

—  ZV  loss  +  I  fir  loss. 
Thus 

loss  with  55°  rise  2  (ZV  loss)  ^11 

loss  with  70°  rise  "  (ZV  loss)  +  (ZiV  loss)  ""  14' 

or  28  (ZV  loss)  =  11  (ZV  loss)  +  11  (ZiV  loss) 

17  (ZV  loss)  =  11  (Zi*  loss). 
Thus 

ZVloss  _  n 

ZiVloss  "  17* 

That  is,  the  heat  loss  due  to  the  current  in  the  armature  windings 
must  be  reduced  so  that  it  is  only  ||  of  its  present  value,  if  the 
temperature  is  not  to  rise  more  than  55°. 
This  heat  loss  is  proportional  to  the  square  of  the  current,  thus 

ZVloss  ^I^  ^  n 
ZiVloss  "Zi'^n' 
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But  the  kilovolt-amperes  delivered  by  the  generator  at  a  given 
voltage  is  proportional  to  the  current  in  armature  windings.    Thus 

kv-a.  (with  55^  rise)      I  _  4 /ll  _  8 

200  (with  70**  rise)       h      V  17  "  lO' 

Therefore  the  output  of  the  generator  which  will  cause  a  55°  rise 
only  is  T%  of  the  output  which  causes  a  70**  rise,  or  -^  of  200  =  160 
kv-a. 

The  generator  could  thus  be  run  as  a  160-kv-a.  machine  and  not 
overheat. 

Prob.  1-1.  When  operated  continuously  at  the  full-load  rating 
on  the  name  plate,  the  armature  of  a  certain  generator  attains  a  con- 
stant temperature  of  40°  C.  above  the  room  temperature.  On  the 
basis  of  the  assumptions  of  Example  1,  calculate: 

(a)  By  what  percentage  the  total  heat  losses  in  the  armature 
may  safely  exceed  those  at  rated  full  load. 

(&)  By  what  percentage  the  current  output  may  safely  exceed 
the  rated  full-load  current? 

Prob.  2-1.  Fig.  1  shows  the  variations  of  current  input  to  a 
motor  driving  an  automatically-controlled  planer,  during  a  little 
more  than  one  cycle  of  operation.    Calculate: 

(a)  The  numerical  average  value  of  the  current,  regardless  of 
direction. 

(6)   The  effective  value  of  the  current. 

(c)  The  ratio  between  the  I^R  loss  in  the  motor  during  one 
cycle  due  to  the  actual  current  as  shown  by  Fig.  365,  and  the  I^R 
loss  that  would  occur  during  the  same  time  if  the  current  were 
steady  at  the  numerical  average  value. 

Prob.  3-1.  Fig.  2  shows  approximately  the  variation  of  cur- 
rent supplied  to  an  SOO-horse-power  2200-volt  225-r.p.m.  three- 
phase  induction  motor,  during  one  complete  cycle  of  operation  of  a 
water-hoist  to  which  it  is  geared,  in  a  mine.    Calculate: 

(a)  Average  value  of  P. 

(6)  Square  of  average  value  of  /. 

(c)  Percentage  by  which  actual  watts  DR  loss  during  one  cycle 
of  operation  is  greater  or  less  than  the  PR  loss  would  be  if  the 
motor  were  to  take  an  equivalent  average  ciurent. 

Prob.  4-1.  The  rotating-field  coils  of  a  certain  alternator  rise 
45°  C.  above  the  room  temperature  of  25°  C,  when  carrying  such 
current  that  full  rated  voltage  is  obtained  from  armature  terminals 
at  zero  load,  rated  frequency.  The  field  current  of  this  alternator 
must  be  increased  15  per  cent  to  deliver  the  same  (rated)  voltage 
across  armature  terminals  at  full  load,  same  frequency.  Under 
ordinary  conditions,  the  excess  of  machine  temperature  above  room- 
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temperature  is  directly  proportional  to  the  heat  losses  in  the 
machine.  What  will  be  the  temperature  rise,  and  the  actual  tem- 
perature, of  the  field  coils  when  the  alternator  operates  steadily 
at  full  load?  (For  an  approximate  solution,  the  increase  in  resist- 
ance of  the  field  coils  due  to  temperature  may  be  neglected.) 
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Fig.  2.  Curve  of  current  taken  by  an  800-h.p.|  2200-volt,  225-r.p.in. 
three-phase  induction  motor,  geared  direct  to  a  mine  water-hoist, 
having  a  capacity  of  250,000  gal.  per  hr.  The  curve  shows  one  hoist- 
ing cycle.    General  Electric  Co. 

3.  Advantages  of  High  Efficiency.    Efficiency  expressed 
exactly,  as  a  number,  is  the  ratio  between  the  output  of 
and  the  input  to  a  given  machine  or  process.    Thus: 
In§tantaneous  efficiency  = 

real  power  output  in  watts,  kw.  or  h.p. 
real  power  input,  in  same  units  at  same  instant 

AU-day  efficiency  = 
energy  output  during  one  day  in  kw.-hours  or  h.p-hours 
energy  input  during  same  day,  in  same  units. 

Efficiency  may  be  calculated  in  any  one  of  several  ways, 
depending  upon  the  form  in  which  it  is  convenient  or  neces- 
sary to  obtain  the  data.    Thus: 
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Efficiency  = 

output  output  input --total  losses 

input       output  +  total  losses  input 

It  is  not  within  the  scope  of  this  book  to  explain  methods 
for  measuring  the  quantities  which  must  be  known  in  order 
to  calculate  the  efficiency.  But  we  are  concerned  in  finding 
what  conditions  promote  the  highest  efficiency  of  the  alter- 
nator, and  what  it  costs  us  to  permit  a  lower  efficiency  than 
might  be.    A  higher  efficiency  means: 

1.  Less  cost  of  input  to  produce  a  given  output,  or  more 
of  valuable  output  from  a  given  expenditure  for  input. 

2.  Larger  and  more  costly  engines  required  to  deliver 
a  given  amount  of  electric  power.  More  fixed  charges 
and  more  space  required. 

Prob.  6-1.  When  the  total  losses  of  a  machine  are  10  per  cent 
of  its  output,  what  is  its  efficiency? 

Prob.  6-1.  When  the  total  lasses  of  a  machine  are  10  per  cent 
of  its  input,  what  is  its  efficiency? 

Prob.  7-1.  An  alternator  is  delivering  250  kv-a.  at  85  per  cent 
power-factor,  and  its  efficiency  at  this  load  is  92  per  cent.  How 
many  horse-power  must  the  direct^onnected  en^e  deliver  at  the 
shaft,  to  drive  this  alternator? 

4.  Relation  of  Efficiency  to  Load  on  Alternator.    The 

efficiency  is  lowered  by  any  condition  which  increases  the 
ratio  of  losses  to  output.  The  losses  in  an  alternator  are 
listed  in  Art.  2.  The  power  output  is  directly  proportional 
to  the  amperes  output  from  the  terminals,  to  the  volts 
between  terminals,  and  to  the  power-factor  of  the  receiving 
circuit,  or  the  phase  difference  between  the  current  and 
pressure  at  the  terminals. 

Suppose  we  increase  the  amperes  output  while  the  terminal 
volts  and  power-factor  remain  constant.  The  watts  output 
will  increase  in  direct  proportion  to  the  amperes  output, 
under  these  conditions.  But  the  PR  loss  in  the  armature 
will  increase  in  proportion  to  the  square  of  the  current.  No 
other  loss  is  affected  appreciably  by  the  change,  except  the 
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PR  loss  in  the  field.  The  voltage  tends  to  fall  when  the 
armature  current  increases,  and  to  keep  the  terminal  voltage 
constant  requires  an  increase  in  field  current.  This  increases 
the  field  PR  loss,  though  not  nearly  in  proportion  to  the  arm- 
ature PR  loss.  Whether  the  ratio  of  the  total  losses  to  the 
output  will  be  increased  or  diminished  depends  upon  whether 
the  losses  which  vary  with  the  load  are  greater  or  less  than  the 
losses  which  do  not  vary  with  the  load.  If  the  fixed  losses 
are  greater  than  the  variable  losses,  an  increase  of  output 
will  raise  the  efficiency.  But  as  soon  as  the  variable  losses 
become  greater  than  the  fixed  losses,  a  further  increase  of  out* 
put  will  lower  the  efficiency.  For  illustration.  Table  I  gives 
results  of  a  test  for  losses  and  efficiency  on  a  fairly  large 
alternator;  it  is  taken  from  an  article  on  ''Shop  Testing  of 
Altemating-Ciurent  Generators  and  Synchronous  Motors" 
m  "The  Electric  Journal,"  December,  1913. 

Table  I 


Load,  per  cent  of 
ratea 

Line  amperes  per 
terminal 

Field  amperes 

Terminal  volts 

Core  loss,  in  kw 

Field  copper  loss, 
kw 

Armature  copper 
lose,  kw 

Friction  and  wind- 
age, kw 

Total  losses,  kw 

Kv-a.  output 

Real  kw.  output . . . 

Real  kw.  input 

Efficiency,  per  cent 


0.0 

25.0 

50.0 

75.0 

100.0 

0.0 

49.0 

98.0 

147.0 

196.0 

77.0 

81.5 

86.5 

94.0 

101.5 

6300.0 

6300.0 

6300.0 

6300.0 

6300.0 

30.4 

39.5 

39.6 

39.7 

39.8 

4.68 

5.24 

5.92 

6.98 

8.13 

0.0 

0.42 

1.68 

3.78 

• 

6.72 

30.25 

30.25 

30.25 

30.25 

30.25 

74.33 

75.41 

77.45 

80.71 

84.90 

0.0 

534.0 

1071.0 

1604.0 

2140.0 

0.0 

427.0 

857.0 

1283.0 

1712.0 

74.33 

502.4 

934.4 

1363.7 

1796.9 

0.0 

85.0 

91.7 

94.1 

95.3 

125.0 

245.0 

112.0 

6300.0 

39.9 

9.92 

10.51 

30.25 

90.58 

2672.0 

2137.0 

2227.6 

95.9 


At  all  loads  covered  by  Table  I,  the  sum  of  fixed  losses  (consisting 
of  friction,  windage  and  core  loss)  is  larger  than  the  sum  of  variable 
losses  (field  copper  loss  and  armature  copper  loss),  and  the  efficiency 
is  continually  increasing  as  the  output  increases.    It  is  apparent, 
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however,  that  the  efficiency  is  approaching  a  maximum  value,  as 
the  variable  losses  become  more  nearly  equal  to  the  constant 
losses. 

By  drawing  from  the  above  data  a  curve  with  field  copper  loss 
and  per  cent  load  as  coordinates,  and  extending  this  curve  as  far  as 
260  per  cent  of  rated  load,  we  may  arrive  at  the  following  approxi- 
mate values: 

At  200  per  cent  load,  output  =  3424  kw. ;  core  loss  =  40.2  kw. ; 
friction  and  windage  =  30.3  kw.;   field  copper  loss  =  20.7 
kw.;    armature    copper   loss  =  26.9 kw. 
Efficiency  =  96.6  per  cent;  "  constant "  losses  =  70.5  kw. ;  *'  vari- 
able "  losses  =47.6  kw. 
At  220  per  cent  load,  output  =  3770  kw.;  core  loss  =  40.3  kw. ; 
friction  and  windage  =  30.3  kw.;   field  copper  loss  «  26.1 
kw. ;  armature  copper  loss  =  32.5  kw. 
Efficiency  =  96.6  per  cent;  **  constant "  losses  —  70.6  kw. ;  ''  vari- 
able "  losses  ^  58.6  kw. 
At  240  per  cent  load,  output  =  4110  kw.;  core  loss  =  40.4  kw.; 
friction  and  windage  =  30.3  kw.;    field  copper  loss  =  39.3 
kw.;  armature  copper  loss  =  38.7  kw. 
Efficiency  ^  96.5  per  cent;  '*  constant "  losses  =  70.7  kw. ;  "  vari- 
able "  losses  =  78.0  kw. 
At  260  per  cent  load,  output  =  4450  kw.;  core  loss  =  40.5  kw. ; 
friction  and  windage  =  30.3  kw.;   field  copper  loss  =  59.6 
kw.;  armature  copper  loss  =  45.4  kw. 
Efficiency  =  96.1  per  cent;  **  constant "  losses  =  70.8  kw. ; ''  vari- 
able "  losses  =  X05  kw. 

These  results  illustrate  several  important  facts: 

1.  The  efficiency  reaches  its  maximum  value  at  about 
that  load  for  which  the  sum  of  the  losses  that  vary 
with  load  is  equal  to  the  sum  of  losses  that  do  not  vary 
with  load.  This  relation  is  in  general  only  approxi- 
mate, but  it  may  be  proved  by  mathematics  to  hold 
exactly  for  any  case  where  the  total  variable  loss  is 
proportional  to  the  square  of  the  output.  This  is  true 
of  the  armature  copper  loss  but  not  of  the  field  copper 
loss.  Neither  is  the  field  copper  loss  constant.  If 
the  variation  of  field  current,  required  to  keep  the 
terminal  voltage  constant,  were  not  great,  the  field 
copper  loss  would  be  grouped  with  the  constant  losses 
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in  applying  this  general  relation  for  maximum  effi- 
ciency. 

2.  The  core  losses  are  very  nearly  constant.  They  con- 
sist of  hysteresis  and  eddy-ciurrent  losses  in  arma- 
ture core  and  pole  faces,  and  their  amount  depends 
upon  the  frequency  (speed)  and  flux  density  in  the 
cores.  The  frequency  and  terminal  voltage  are 
assumed  to  be  held  constant.  As  the  load  or  arma- 
ture current  increases,  the  e.m.f.  induced  in  the  arma- 
ture windings  must  increase  slightly  to  overcome  the 
voltage  drops  within  these  windings  and  keep  the 
terminal  voltage  constant.  Consequently,  the  flux 
(and  therefore  the  flux  density)  must  be  increased 
slightly  as  the  output  increases,  and  the  core  loss  is 
therefore  greater.  A  part  of  the  increase  of  field 
current  is  for  the  piurpose  of  producing  this  increase 
of  flux  and  induced  e.m.f. 

3.  The  friction  and  windage  losses  are  constant.  These 
depend  principally  upon  the  speed,  which  is  constant. 

4.  The  armature  copper  loss  increases  as  the  square  of 
the  armature  current,  or  as  the  square  of  the  kv-a. 
output  if  the  voltage  is  constant,  or  as  the  square  of 
the  kilowatt  output  if  the  voltage  and  power-factor 
are  both  constant. 

5.  The  field  copper  loss  increases  with  the  output.  In 
this  particular  case  it  increases  quite  rapidly;  in  other 
cases  it  may  be  almost  constant  and  independent 
of  the  load.  To  keep  the  terminal  voltage  constant, 
as  is  usually  required,  some  increase  of  field  current 
is  necessary  for  reasons  cited  in  (2).  If  the  iron  is 
already  nearly  saturated  with  flux,  a  large  increase  in 
field  current  is  necessary  to  produce  a  small  increase 
in  flux.  Alternators  are  usually  designed  so  that  their 
cores  are  not  nearly  saturated  at  rated  full  load;  but 
if  they  are  operated  at  great  overloads  or  much  above 
rated  voltage,  saturation  may  be  approached. 
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The  load  on  this  particular  alternator  has  a  power- 
factor  of  0.80,  and  therefore  the  armature  current  has 
a  considerable  reactive  component.  It  wiU  be  shown 
presently  that  current  lagging  90°  behind  the  induced 
e.m.f .  in  an  ^temator  exercises  a  magnetic  e£fect 
(''armature  reaction'')  which  directly  opposes  that 
of  the  field  winding  and  tends  to  reduce  the  flux. 
To  keep  the  voltage  constant,  therefore,  a  further 
increase  of  field  current  may  be  necessary,  to  neutra- 
lize the  demagnetizing  e£fect  of  any  lagging  wattless 
componept  of  armature  current  that  exists  when  the 
power-factor  of  the  load  is  less  than  imity. 

The  rate  at  which  the  field  current  must  increase 
with  the  load  depends,  therefore,  very  much  upon  the 
power-factor  of  the  receiving  circuit.  It  depends  also 
upon  the  construction  of  the  machine.  If  the  number 
of  turns  in  the  armature  coils  is  large,  a  comparatively 
weak  field  winding  will  produce  enough  flux  to  generate 
rated  voltage;  but  a  given  amount  of  reactive  current 
through  this  large  niunber  of  armature  tiuns  produces 
an  excessive  demagnetizing  effect  upon  the  weak 
field.  In  such  case,  a  large  increase  of  field  current 
is  necessary  to  compensate  the  demagnetizing  effect 
of  the  large  niunber  of  armature  turns.  This  means 
a  large  increase  of  field  copper  loss  with  increase  of 
output,  which  affects  the  eflSiciency  as  already  ex- 
plained. 

Prob.  8-1.  Is  the  alternator  whose  performance  is  given  in 
Table  I  a  tlu-ee-phase  or  a  two-phase  machine?    Prove  your  answer. 

Prob.  ^1.  Assuming  the  alternator  of  Table  I  to  be  three- 
phase,  star-connected,  calculate  the  effective  resistance  p>er  phase 
of  the  winding.  Repeat  the  calculation,  assuming  it  to  be  delta- 
connected. 

Prob.  10-1.    From  Table  I  draw  a  set  of  curves,  using  per  cent 
of  rated  output  as  abscissas,  and  as  ordinates  the  following: 
(a)  friction  and  windage  loss; 
(6)  friction  and  windage  loss  plus  core  loss; 
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(c)  friction  and  windage  loes,  plus  core  loss,  plus  field  copper 
loss; 

(d)  totallosses; 

ie)  efficiency.  The  ordinates  of  the  loss  curves  are  to  be  plotted 
to  a  scale  of  kilowatts,  and  of  the  efficiency  curves  to  a  scale  of 
percentage.  Explain  how  these  curves  illustrate  the  points  dis- 
cussed in  the  preceding  article. 

Prob.  11-1.  (a)  If  the  alternator  of  Table  I  were  to  operate 
at  full  rated  load  and  100  per  cent  power-f actor,  what  losses  would 
be  changed,  and  how? 

(6)  What  would  be  the  approximate  value  of  ^dency  under 
this  condition? 

(c)  What  would  be  the  efficiency  when  delivering  full  rated  load 
at  50  per  cent  power-factor,  neglecting  change  of  field  current 
required  for  constant  voltage? 

6.  What  is  a  Good  Efficiency?  High  efficiency  is  ob- 
tained generally  by  increasing  the  first  cost  of  the  machine. 
High  effici^cy  means  small  losses  corresponding  to  a 
given  output.  Small  copper-losses  mean  low  resistances,  and 
low  resistances  mean  large  sizes  of  wire  which  are  heavy 
and  cost  much  more.  Small  core-losses  mean  low  flux 
densities,  and  low  densities  mean  large  core-areas  to  carry 
enough  flux  to  generate  the  required  e.m.f.  at  standard 
frequency.  Large  core-areas  mean  large  volume  and  weight 
of  iron  in  the  magnetic  circuit,  which  again  increases  the 
cost  of  the  machine.  Low  core-loss  also  means  high-grade 
iron  or  steel,  with  thin  laminations  well  insulated  from  one 
another,  and  all  this  increases  the  cost  still  further. 

It  is  possible  for  the  designer  to  build  an  alternator  for 
almost  any  desired  output  with  almost  any  desired  efficiency, 
by  being  sufficiently  liberal  with  quantity  and  quality  of 
materials  and  skilled  labor.  Experience  has  indicated,  how- 
ever, that  it  is  not  economical  to  build  the  average  alternator 
of  given  size  for  an  efficiency  higher  than  a  certain  fairly 
definite  value.  We  have  here  a  distinction  between  efficiency 
and  economy.  Why  is  it  not  economical,  or  why  does  it 
not  ''pay,"  sometimes  to  build  machines  for  the  highest 
possible  efficiency? 
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Consider  that  we  have  a  hydro-electric  plant  with  a  limited 
amount  of  power  available  (1000  kw.)  and  a  market  for  all  the 
energy  we  can  generate  (24  hours  per  day)  at  2  cents  per  kilowatt- 
hour.  Will  it  pay  to  specify  a  96  per  cent  efficiency  for  the  generator, 
rather  than  95  per  cent?  If  we  get  the  higher  efficiency  alter- 
nator, we  shall  reduce  the  total  losses  by  10  kw.,  or  1  per  cent  of 
the  input,  or  we  shall  have  this  much  more  of  salable  output  from 
the  same  water  power.  During  one  year  this  represents  (24  X 
365  X  10)  =  87,700  kw-hours,  which,  at  2  cents  per  kw-hour,  will 
sell  for  S1754  per  year.  Now,  every  dollar  invested  in  the  plant 
must  earn  or  save  at  least  13  cents  per  year.  This  is  the  amount 
necessary  to  pay  "fixed  charges"  (consisting  of  interest,  deprecia- 
tion, taxes  and  insurance)  on  one  doUar  of  invested  capital  for  one 

S1754 
year.    Therefore,  we  can  afford  to  pay  -^rj^  =  $13,500  more  for 

the  generator  having  96  per  cent  efficiency,  than  for  the  generator 
ha\ing  95  per  cent  efficiency.  If  the  extra  cost  of  the  higher 
efficiency  generator  is  less  than  this  figure,  we  should  by  all  means 
specify  a  96  per  cent  efficiency  (or  perhaps  even  higher),  because  the 
increase  in  earnings  wiU  pay  more  than  the  fixed  charges  on  the 
additional  investment  required,  or  will  pay  higher  dividends  than 
were  anticipated.  If,  on  the  other  hand,  the  extra  cost  of  the  96 
per  cent  generator  is  more  than  $13,500,  it  would  be  unwise  (from 
the  view-point  of  cost  alone)  to  specify  96  per  cent  efficiency,  and 
some  lower  value  would  be  more  economical. 

A  wise  engineer  would  consider  future  prospects,  also,  to  some 
extent  in  solving  this  problem.  If  a  generator  were  to  be  used  in  a 
water-power  plant  so  located  that  there  would  be  not  even  a  remote 
prospect  of  selling  all  the  power  that  could  be  had  from  the  water 
avaUable,  it  would  be  "poor  business"  to  pay  more  than  necessary 
for  the  generator  by  demanding  an  unusually  high  efficiency.  On 
the  other  hand,  in  locations  where  the  cost  of  fuel  is  high  and  space 
for  generating  equipment  is  expensive  (as  in  steamrclectric  plants 
situated  in  cities),  even  a  small  fraction  of  one  per  cent  increase  in 
efficiency  has  a  very  great  value,  and  improvements  or  refinements 
which  reduce  the  losses  will  pay  well.  It  is  obvious,  from  these 
considerations,  that  the  efficiency  should  be  chosen  with  regard  for 
the  demand  for  and  value  of  a  kilowatt-hour  to  the  plant  in  question, 
and  also  with  regard  for  the  increase  of  first-cost  of  the  alternator 
to  produce  a  higher  efficiency. 

Efficiencies  at  rated  full  load  measured  by  test  on  many 
alternators^  large  and  small,  are  given  in  Table  II,  which  is 
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taken  from  a  paper  by  E.  M.  Olin,  Trans.  A.I.E.E.,  July, 
1912.  Notice  that  in  general  the  efficiencies  are  lower  for 
the  smaller  machines.  Neither  the  size  and  weight  nor  the 
losses  of  a  dynamo  can  be  reduced  in  exact  proportion  to  its 
rated  output.  A  small  machine  is  always  heavier  and  more 
expensive  in  proportion  to  its  capacity,  and  usually  has  a 
lower  efficiency,  than  a  larger  machine,  other  things  being 
equal  (such  as  quality  of  materials,  workmanship,  and  the 
like). 

Notice,  also,  from  Table  II,  that  several  machines  of  the  same 
rated  output  may  have  efficiencies  that  differ,  although  the  values 
are  fairly  close  together.  This  is  due  to  the  influence  of  conditions 
already  mentioned.  The  alternators  also  differ  widely  in  the  distri- 
bution of  losses  at  their  rated  full  load.  For  instance,  the  ratio  of 
variable  losses  (IFpfi)  to  constant  losses  (Wj?  +  Wn)  varies  between 

{2^^  =  H  ^-  ^'-^'^^^  No.  30,  and  (^^^  =  I.49) 
for  Alternator  No.  2.  We  have  seen  that  the  efficiency  is  greatest 
in  any  one  machine  when  this  ratio  is  approximately  unity  (1.00). 
Therefore  it  appears  that  Alternator  No.  30  (8000  kw.)  will  reach  its 
maximum  efficiency  when  greatly  overloaded,  and  that  Alternator 
No.  2  reached  its  maximum  efficiency  at  a  load  considerably  less 
than  its  rated  output. 

The  rated  full  load  of  an  alternator  is  usually  the  largest 
output  which  it  can  deliver  continuously  without  exceeding 
a  safe  temperature  in  any  part  of  the  machine.  It  is  within 
the  power  of  the  designer  to  determine  whether  the  maximum 
efficiency  of  the  alternator  shall  occur  when  the  output  is 
less  than,  equal  to,  or  greater  than  this  rated  full-load.  By 
being  generous  with  copper  and  sparing  of  iron,  making  the 
variable  losses  small  in  comparison  with  the  fixed  losses,  the 
maximum  efficiency  is  caused  to  happen  at  a  heavy  load. 
By  being  generous  with  iron  in  the  magnetic  circuits  and 
sparing  of  copper  in  the  electrical  circuits,  the  variable  losses 
are  caused  to  be  large  in  comparison  with  the  fixed  losses, 
and  the  maximum  efficiency  occurs  at  light  load.  The  same 
statements  apply  to  electric  motors,  transformers,  and  other 
apparatus. 
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t 

rABTJB  II. 

—  Efficiency  Tests  on  A-C.  Generators* 

No. 

Sue 

Fre- 

Loss, 

L08S. 

Loss. 

Total 

Efficiency 

rated  kv-A. 

quenoy. 

WitR. 

Wf, 

Wr. 

lOM. 

atfull-kMMl. 

1 

100 

60 

2.78 

1.08 

3.50 

7.36 

93.15 

2 

100 

60 

6.14 

0.82 

3.30 

10.26 

90.7 

3 

125 

60 

3.19 

3.70 

2.97 

9.86 

91.1 

4 

200 

60 

2.58 

1.72 

2.45 

6.75 

93.7 

5 

300 

25 

1.77 

0.71 

3.33 

5.81 

94.5 

6 

300 

60 

1.89 

1.90 

2.40 

6.19 

94.15 

7 

333 

60 

0.83 

1.47 

2.94 

5.24 

95.0 

8 

400 

60 

2.64 

0.61 

3.00 

6.25 

94.15 

9 

500 

25 

2.25 

0.50 

1.42 

4.17 

96.0 

10 

500 

60 

0.65 

3.66 

4.16 

8.47 

92.25 

11 

600 

60 

0.83 

1.79 

2.27 

4.89 

95.4 

12 

700 

60 

1.65 

0.94 

1.86 

4.45 

95.78 

13 

725 

60 

1.52 

0.70 

1.27 

3.49 

96.7 

14 

1000 

•60 

1.67 

1.52 

1.83 

5.02 

95.26 

15 

1000 

60 

0.74 

4.10 

1.66 

6.50 

93.9 

16 

1250 

60 

1.25 

0.83 

2.65 

4.73 

95.5 

17 

1250 

60 

1.04 

0.83 

2.59 

4.46 

96.77 

18 

1500 

60 

0.66 

3.16 

3.16 

6.98 

93.5 

19 

2000 

60 

1.03 

0.92 

2.10 

4.05 

96.13 

20 

2000 

60 

1.20 

1.19 

1.83 

4.22 

96.0 

21 

2500 

60 

0.56 

2.00 

2.40 

4.96 

95.3 

22 

3000 

60 

0.96 

2.01 

2.46 

5.42 

94.82 

23 

3000 

60 

0.76 

1.47 

2.57 

4.80 

95.4 

24 

3000 

25 

0.51 

3.73 

2.00 

6.24 

94.15 

25 

3000 

60 

1.18 

1.62 

1.70 

4.50 

95.76 

26 

3  750 

60 

1.47 

0.49 

1.46 

3.42 

96.75 

27 

4000 

60 

0.47 

4.13 

2.53 

7.13 

93.3 

28 

5000 

60 

0.91 

0.89 

1.98 

3.78 

96.4 

29 

6666 

60 

0.41 

2.17 

2.55 

5.13 

95.1 

30 

8000 

60 

0.32 

2.77 

2.23 

5.32 

94.9 

31 

10  000 

60 

0.40 

2.40 

1.85 

4.65 

95.6 

*  All  loans  expreaaed  in  per  cent  of  output  at  rated  full-load,  non-inductive. 

War  »  loss  due  to  reristanoe  of  windings,  brushes,  and  sliding  contacts,  to  useful 

current  flowing,  in  field  and  armature; 
Wf^  loss  in  friction; 
Wr  •  rotation  loss,  not  frictional,  due  to  hj'stere^  and  eddy  currents  caused  by 

rotation  of  iron  through  the  magnetic  field,  and  all  PR  losses  due  to  local 

or  useless  currents  within  the  armature. 

Prob.  12-1.  Calculate  the  efficiency  at  J,  f ,  Ij,  and  \\  times 
rated  full-load,  for  the  500  kv-a.  alternator  No.  9  in  Table  II. 
Assume  that  the  values  given  in  Table  II  correspond  to  rated  full- 
load  unity  power-factor,  and  that  one-quarter  of  the  total  full-load 
copper-loss  remains  constant  at  all  loads,  while  the  remainder  of 
the  copper  loss  v^es  as  the  square  of  the  current  output  and  that 
all  rotational  losses  are  constant. 
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Prob.  18-1.  For  the  alternator  of  Prob.  12-1  draw  curves, 
using  per  cent  of  rated  full-load  kv-a.  output  as  abscissas  in  all  cases, 
and  as  ordinates  the  following: 

(a)  Kw.  lost  in  friction. 

(6)  Kw.  lost  in  friction  +  rotation  losses. 

(c)  Kw.  lost  in  friction  +  rotation  +  copper,  or  total  kw.  loss. 

(d)  Efficiency  in  per  cent. 

Extend  these  curves  if  need  be,  and  discuss  the  relation  between 
the  losses  when  the  load  is  such  that  the  efficiency  is  maximum. 
Assume  friction  and  rotation  losses  constant  at  all  loads. 

Prob.  14-1.  For  each  alternator  listed  in  Table  II,  calculate 
each  loss  as  a  percentage  of  the  total  losses,  at  full-load.  Tabulate 
these  values,  lowing  the  distribution  of  the  losses  in  the  various 
sizes  of  alternators  covered  by  Table  II.    Discuss  your  results. 

6.  EfiFect  of  Load  on  Voltage  of  Alternator.  Addition 
of  load  usually  causes  the  terminal  voltage  of  an  alternator 
to  change.  If  the  power-factor  of  the  load  is  100  per  cent, 
the  voltage  falls.  If  the  power-factor  is  less  than  100  per 
cent  and  the  current  lags,  the  voltage  falls  much  more  than 
with  non-inductive  load.  If  the  power-factor  is  less  than 
100  per  cent  and  the  current  leads,  the  voltage  will  fall  less 
than  with  non-inductive  load,  or  may  even  rise,  depending 
upon  the  proportion  of  leading  reactive  components.  Most 
generators  are  required  to  deliver  lagging  current.  Leading 
loads  are  the  exception,  and  are  met  usually  in  very  long 
distance  and  very  high  voltage  transmission  systems. 

The  inherent  or  automatic  change  of  voltage  which  occurs 
when  the  load  is  reduced  from  rated  full-load  to  zero  load, 
while  the  speed  and  field  ciurent  are  kept  constant,  is  known 
as  the  "voltage  regulation.''  It  is  usually  expressed  as  a 
percentage,  thus: 

Voltage  regulation,  in  per  cent  = 

^zero-load  voltage  —  full-load  voltageN       ^^ 
full-load  voltage  / 

An  ordinary  value  for  the  voltage  regulation  of  an  alter- 
nator would  be  8  per  cent  on  non-inductive  load  and  24  per 
cent  on  a  lagging  inductive  load  having  80  per  cent  power- 
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factor.  For  the  average  central  station  load,  consisting  of 
lighting  and  power,  a  power-factor  of  80  per  cent  should  be 
assumed.  Power-factors  of  90  to  95  per  cent  are  usually  ob- 
tained only  when  the  load  is  entirely  incandescent  lighting  or 
heating.  Power-factors  as  high  as  this,  or  even  above  95 
per  cent,  may  be  obtained  if  a  large  part  of  the  load  consists 
of  synchronous  motors,  which  are  adjusted  to  take  a  leading 
reactive  component  of  current  from  the  system.  A  power- 
factor  of  70  per  cent  may  be  expected  in  a  plant  having  a 
large  proportion  of  induction  motors,  arc  lighting,  electric 
furnaces,  or  electric  welding  load.*  An  extensive  set  of 
measuremente  of  power-factor  on  motor  service  circuits  and 
industrial  installations  in  Cleveland,  reported  by  H.  L. 
Wallau  in  the  Electrical  Worlds  Nov.  22,  1913,  shows  maxi- 
mum and  minimum  values  of  0.95  and  0.20  respectively, 
with  an  average  of  0.69.  The  power-factor  of  the  entire 
station  load  was  89  per  cent  by  day  and  92  per  cent  by  night. 
From  this  data  it  is  evident  that  the  effect  of  load,  and 
particularly  of  low  power-factor,  upon  the  voltage  of  alter- 
nators must  be  studied.  In  many  central  stations  the  maxi- 
mum allowable  variation  of  voltage  is  considered  to  be  5 
per  cent  during  the  daytime  and  2  per  cent  during  the  night. 
Sudden  variations  are  much  more  objectionable  than  slow 
variations.  Good  inherent  voltage  regulation  in  the  alter- 
nator itself  must  be  depended  upon  to  limit  these  variations 
of  voltage  due  to  very  rapid  fluctuations  of  load.  Automatic 
voltage-regulators,  operating  to  adjust  the  field  current,  are 
perfectly  capable  of  preventing  the  slower  variations  of 
voltage.  Where  the  load  is  principally  motors,  constancy  of 
voltage  is  not  usually  as  important  as  where  the  load  is 
largely  lighting. 

Example  2.  What  is  the  power-factor  of  a  generator  when  it 
is  loaded  with  400  kw.  at  87  per  cent  lagging  power-factor  and  with 
600  kw,  at  75  per  cent  lagging  power-factor  ? 

*  See  Electric  Journal,  1911,  page  623. 
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Draw  Fig.  3  representing  the  400  kw.  by  the  line  OA. 

Draw  OB  at  an  an^e  of  SO""  (87  per  cent  =  cos  SO"")  and  draw  AB 
perpendicular  to  OA. 

The  line  OB  represents  the  kilovolt-ampere  load  of  which  the  line 
OA  is  the  effective  power  and  the  line  AB  is  the  reactive  power. 


Fio.  3.    Topographic  vector  diagram  showing  the  method  of  adding 

loads  with  different  power-factors. 


Similarly  draw  BC  from  B  parallel  to  OA  to  represent  the  effective 
load  of  600  kw.  Draw  BD  and  DC  to  represent  the  total  kv-a.  load 
and  the  reactive  load  respectively. 

Draw  the  construction  lines  AE  and  CE, 

Total  effective  power  =  OA  +  BC  =  1000  kw. 

Total  apparent  power  =  OD  =  VdE^  +  OE^. 

DE  =  EC  +  DC 

«  400  tan  30^  +  600  tan  41.5** 
=  231  +  531 
=  662. 
OE==OA+  AE 
=  400  +  600 
=  1000 

Thus  OD  =  V662*  +  1000» 

=  1195  kv-a. 
Power-factor  of  load       =  cos  ^ 

^1000 

1195 
=  83.7  per  cent. 

Prob.  15-1.  An  alternator  supplies  three  feeders,  one  of  which 
takes  100  kw.  at  80  per  cent  power-factor,  another  200  kw.  at  85 
per  cent  power-factor  and  the  third  150  kw.  at  95  per  cent  power- 
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factor,  all  lagging.    What  load,  in  kilowatts  and  kiiovolt-amperes, 
is  the  alternator  delivenng  and  at  what  power-factor? 

Prob.  16-1.  (a)  If  a  load  of  50  kw.  at  90  per  cent  power-factor 
is  suddenly  added  to  the  third  feeder,  by  what  percentage  is  the 
total  armature  current  of  the  alternator  increased,  and  what  does 
its  power-factor  become? 

(6)  If,  at  the  same  instant,  the  second  feeder  drops  a  load  of 
100  kw.  having  95  per  cent  power-factor,  by  what  percentage  is  the 
armature  current  of  the  alternator  greater  or  less  than  its  initial 
value,  and  what  is  its  power-factor?  Assume  terminal  voltage  to 
be  held  constant. 

Prob.  17-1.  If  an  alternator  supplies  two  feeders,  one  at  a 
power-factor  of  70  per  cent  and  the  other  at  95  per  cent,  what  must 
be  the  ratio  between  the  power  (kilowatts)  taken  by  these  two 
feeders  in  order  that  the  total  power-factor  of  the  alternator  may 
be  85  per  cent?  If  the  terminal  voltage  of  the  alternator  is  kept 
constant  when  the  first  feeder  is  disconnected,  by  what  percentage 
will  the  power  output  and  the  rate  of  heating  (PR)  in  the  arma- 
ture be  reduced? 

7.  Effects  of  Unsteady  Voltage.  Fluctuation  of  volt- 
age in  an  electric  supply  system  is  a  disadvantage  to  both 
central  station  and  customer,  and  there  are  no  compensating 
advantages.  Considering  the  lamps  connected  to  the  sys- 
tem, we  find  that  when  they  are  operated  at  a  voltage  above 
normal  their  life  decreases  very  rapidly;  and  this  shortening 
of  life  is  particularly  bad  with  carbon  lamps  and  gem  lamps, 
which  it  is  the  practice  of  central  stations  to  renew  free  of 
charge.  If  the  voltage  drops  below  normal,  the  life  is 
lengthened  correspondingly,  but  the  candle-power  and  the 
watts  consumed  by  the  lamp  decrease  very  rapidly.  This 
is  unsatisfactory  to  the  central  station,  because  the  consumer  \ 
takes  less  kilowatt-hours  and  the  income  of  the  central 
station  is  correspondingly  reduced.  It  is  also  unsatisfactory 
to  the  consumer  both  because  the  power  consumed  by  the 
lamps  does  not  decrease  in  proportion  to  the  candle  power 
and  because  a  flickering  or  unsteady  light  is  very  disagreeable 
and  injurious  to  the  eyes. 

Considering  motors  connected  to  the  circuit,  we  find  that 
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the  speed  of  most  types  of  alternating-current  motor  is  not 
much  affected  by  changes  of  voltage.  The  speed  of  the 
synchronous  motor  would  not  change  at  all;  the  speed  of 
the  induction  motor  would  change  slightly,  and  the  speed 
of  the  series  motor  considerably  more.  However,  the  maxi- 
mum torque  which  an  induction  motor  (commonest  type  of 
alternating-current  motor)  can  develop  varies  approximately 
as  the  square  of  the  voltage  applied.  This  means  that  a  given 
percentage  decrease  of  voltage,  such  as  is  likely  to  result 
from  bad  regulation  of  generator  and  line  when  the  motor 
is  overloaded  and  is  taking  a  large  current  at  low  power- 
factor,  will  reduce  its  capacity  for  instantaneous  overloads 
by  a  much  greater  percentage. 

8.  Causes  of  Voltage  Variation  in  Alternator.  In  order 
to  make  the  discussion  more  definite  and  simple,  we  shall 
consider  at  first  a  single-phase  alternator,  or  one  phase  of  a 
polyphase  alternator.  Also  we  shall  assume  that  the  field 
current  of  the  alternator  is  held  constant.  All  alternators 
are  driven  at  practically  constant  speed  by  well-governed 
engines,  because  a  variation  of  frequency  would  cause  a 
proportional  change  of  speed  in  all  motors  connected  to  the 
alternator,  which  is  objectionable  to  the  consiuner.  Under 
these  conditions,  changes  of  terminal  voltage  must  be  due 
to  changes  of  flux  or  to  voltage  drops  or  reactions  within  the 
armature  windings.  In  fact,  both  of  these  effects  are  pro- 
duced when  current  flows  through  the  armature  windirfgs. 

The  winding  has  some  resistance,  and  a  part  of  the  e.m.f . 
which  is  generated  must  be  used  up  within  to  overcome  the 
opposition  which  this  resistance  offers  to  the  flow  of  current. 

In  Fig.  4,  the  vector  Ei  represents  the  total  e.m.f.  induced, 
Wid  I  the  current  flowing,  in  the  winding.  The  e.m.f.  vector  r/, 
opposite  to  /,  represents  the  reaction  against  the  flow  of  current 
due  to  resistance;  r  is  the  effective  resistance  of  the  winding  (per 
phase).  The  resultant  of  the  generated  e.m.f.  {Ei)  and  the  reaction 
(r/)  is  the  terminal  e.m.f.  Ety  on  the  supposition  that  there  is  no 
Inaction  except  that  caused  by  resistance.     The  induced  e.m.f. 
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Termiaal 
e.m.f. 


Oos  ^epower  factor 
of  the  load 


r  I  reaotion 


may  be  thought  of  as  composed  of  two  components,  as  in  Fig.  5, 

the  terminal  voltage  Et  and  the  voltage  (r/)  used  to  overcome 

the  armature  resistance.  The  power- 
factor  of  the  receiving  circuit  or  load 
is  equal  to  the  cosine  of  the  angle  {$) 
of  phase  difference  between  Et  and  /. 
The  effective  resistance  or  alternating- 
current  resistance  (r)  is  a  number 
which,  multiplied  by  the  square  of 
the  effective  value  of  current  flowing 
through  the  winding,  ^ves  a  product 
equal  to  the  total  average  watts  lost 
or  transformed  into  heat,  in  the 
armature  copper.  It  is  usually  about 
15  per  cent  greater  than  the  dlrect- 

FiG.  4.  The  terminal  e.m.f.  current  resistance.  The  difference 
Ei  ^  the  resultant  of  the  between  the  altematmg-current  resist- 
induced  e.m.f .  and  the  (r/)  ^^  ^^  ^^^  direct-current  resistance 
armature  reaction.  '^  ^^^  ^  ^^^y  currents  in  the  con- 

ductors, and  to  the  tendency  (called 

"skin  effect'')  of  alternating-currents  to  flow  near  the  surface 

of  wires  (particularly  when  the  wires  are 

large  or  the  frequency  is  high). 
But  there  are  other  reactions  besides 

that  due  to  resistance  of  the  armature 

winding.    When    cmrent    flows    through 

the  armature,  the   conductors   build    up 

aroimd  themselves   local  fluxes   entirely 

independent  of  the  main  field  flux  which 

produces  Ei,    These  local  fluxes  alternate 

with  the  armature  current,  and  this  alter- 
nation of  flux  linking  with  the  armature 

wires    induces    e.m.f.'s    in    these    wires. 

This  local  flux  is  in  phase  with  the  arma-  Fig.    5. 

ture  current  /,  and  the  e.m.f.  induced  by 

this  flux  is  90°  out  of  phase  with  the  flux 

and  lagging  behind  it.    This  e.m.f.  is  the 

reaction  or  coiuiter-e.m.f.  due  to  self-induc- 
tance of  the  armature  winding,  and  it  thus 

lags   90°  behind   I.     In  Fig.  6,  we  take 

account  of  the  reactance  (a;),  due  to  self- 
inductance  of  the  armature  winding,  as  well  as  of  the  resistance  (r) . 

In   this  figure    {xl)   is  the  induced  e.m.f.   or  reaction   due  to 


fl  drop 


The  induced 
e.m.f.  Ei  is  composed 
of  two  parts,  Etf  the 
terminal  e.m.f.  and 
(r/)  the  volts  required 
to  overcome  the  arma- 
ture resistance. 
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Fig.  6. 


IS 


change  in  the  number  of  interlinkages  between  the  armature 
wires  and  the  flux  produced  by  armature  current;  rl  is  the  resistance 
reaction,  as  in  Fig.  4;  zl  (the  vector 
sum  of  rl  and  xl)  is  the  total  reaction, 
or  impedance  voltage,  due  to  resist- 
ance and  inductive  reactance  of  the 
armature  winding.  The  resultant 
of  zl  and  Ei  is  the  terminal  voltage  E|. 
A  more  usual  and  convenient 
method  which  can  be  used  for  find- 
ing Ei  when  Et,  I  and  cos  d  (or 
power-factor  of  load)  are  given,  is 
shown  in  Fig.  7.  This  is  a  topo- 
graphic diagram  corresponding  ex- 
actly to  the  polar  diagram  of  Fig.  6, 
except  for  the  fact  that  it  is  the 
reverse  process,  namely,  that  of 
determining  what  total  e.m.f.  {Ei) 
must  be  induced  by  the  main  field, 
in  order  to  have  a  given  e.m.f.  {Ej) 
between  terminals,  when  a  current 
of  I  amperes  is  delivered  at  a  power- 
factor  (cos  0),    In  this  case,  we  be^n  by  drawing  Et,    Then  lay 

off  /,  lagging  behind  Et  by  an 
••"fJiSSiSr"'  angle  whose  cosine  is  the  given 

power-factor.  Then  lay  out  from 
the  end  of  Et  an  e.m.f.  {ab) 
parallel  to  /  and  in  the  same 
direction,  and  of  a  length  repre- 
senting {rl)  volts  (to  the  same 
scale  that  Et  is  drawn).  This  is 
the  e.m.f.  required  to  overcome  the 
reaction  due  to  resistance  of  the 
armature  winding.  Now,  from 
Fio.  7.  A  topographic  vector  the  end  h  lay  out  a  vector  (6c), 
diagram  for  determming  the  in-  in  direction  leading  1  by  90°,  and 
duced  voltage  Ei  necessary  in  in  value  equal  to  (x/)  where  x  is 
order  to  deliver  the  terminal  the  inductive  reactance  (in  ohms) 
voltage  Et  and  current  /  at  a  of  the  armature  winding.  This 
power-factor  of  cos  B.  is  the  e.m.f.  which  is  required  to 

overcome  the  reaction  due  to 
self-inductance  of  the  winding.  The  vector  sum  of  Et,  ab 
and    be    IS    the   total    e.m.f.    that    must    be    induced    in    the 


Z I  reaction 

The  terminal  voltage 
the  resultant  of  the 
armature  reactions  (xl)  and 
(jil)  and  the  induced  e.m.f.  Ei. 


•ttermiBAla 


e.ni.f.  to  oTeroom* 
r  I  reaction 
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winding  by  the  main  field,  in  order  to  have  Et  volts  at  the 
terminals. 

The  magnetic  effect  of  the  current  flowing  in  the  amiature 
conductors  produces  not  only  a  reacting  e.m.f.  (counter  e.m.f. 
of  self-induction)  in  the  conductors,  but  also  produces 
important  changes  in  the  main  field  flux.  These  magnetic 
effects  of  the  armature  currents  upon  the  main  field  are 
known  by  the  general  term  ''armature  reaction."  The 
armature  reaction  may  be  analyzed  or  resolved  into  two 
effects,  namely: 

First.  A  distortion  of  the  Main  field,  causing  it  to  be- 
come more  dense  at  some  places,  and  at  other  places 
less  dense,  than  it  was  at  the  zero  load. 
Second.  A  direct  weakening  or  strengthening  effect,  caus- 
ing the  main  field  fiux  to  be  less  or  greater  than  it 
was  at  zero  load. 

The  distortion  of  the  main  field  changes  the  form  of  the  e.m.f. 
wave  in  each  armature  inductor,  and  may  cause  the  wave-shape  of 
the  terminal  e.m.f.  to  be  either  further  from  or  closer  to  a  sine  wave, 
when  the  load  is  increased  (see  First  Course,  Fig.  297).  This 
change  of  waveshape  may  change  slightly  the  effective  value  of 
voltage.  The  weakening  or  strengthening  effect  decreases  or  in- 
creases the  amount  of  e.m.f.  {Ei)  which  is  induced  in  the  armature, 
and,  therefore,  also  decreases  or  increases  the  terminal  e.m.f.  (^i). 

We  may  consider  the  armature  current  as  consisting  of  two  com- 
ponents which  flow  through  the  same  winding.  One  of  these,  in 
phase  with  Ei,  has  an  average  effect  to  distort  the  main  field  but 
not  to  change  appreciably  the  amount  of  flux  or  the  effective  value 
of  Ei,  The  other  component  of  7,  lagging  or  leading  90**  with  re- 
spect to  Eiy  has  an  average  effect  to  reduce  or  to  increase  the  main 
flux  and,  therefore,  correspondingly  reduce  or  increase  the  effective 
value  of  Ei  and  Et,  If  the  load  is  inductive  and  has  a  low  power- 
factor,  the  lagging  quadrature  component  of  I  is  relatively  large, 
the  weakening  of  the  main  field  is  greater,  therefore,  Ei  and  Et  fall 
more  for  a  given  increase  of  I  than  would  be  the  case  with  a  higher 
power-factor.  It  was  the  demagnetizing  effect  due  to  lagging 
reactive  component  of  7,  which  caused  the  voltage  regulation  of  the 
alternator  in  Art.  120  to  be  24  per  cent  at  80  per  cent  power-factor, 
although  it  was  only  8  per  cent  at  100  per  cent  power-factor. 
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Bzample   3.    What  is  the  voltage  regulation  of  a  500-ky-a. 

single-phase  2300-volt  generator  at  unity  power-factor?    Effective 

armature  resistance  of  0.5  ohm  and  a  reactance  of  4  ohms.    Neglect 

all  reactions  except  those  represented  by  the  internal-resistance  drop 

and  the  reactance  drop. 

500  000 
The  current  at  unity  power-factor  =       '       =217  amp. 


Fig.  8.    Topographic  vector  diagram  for  determining  the  voltage  regu- 
lation of  a  generator  at  unity  power-factor. 

Construct  Fig.  8,  drawing  OEi  along  current  vector  /  to  repre- 
sent the  terminal  voltage  of  the  generator  under  full  load. 

Ir  =  217  X  0.5 
=  109  volts. 

Add  vector  7r  to  ^i  in  phase  with  Ei, 
Voltage  to  overcome  armature  reactance: 

Ix  =  217  X  4 
=  868  volts. 

Add  vector  Iz  leading  Ir  by  90**. 

The  vector  E  represents  the  e.m.f.  which  must  be  generated  to 
supply  the  terminal  voltage  Ei,  the  resistance  drop  Ir  and  the  re- 
actance drop  Iz, 

E  =  V(2300  +  109)«  +  868« 
=  2560  volts. 

When  the  load  is  removed  from  the  generator,  the  terminal  volt- 
age will  rise  to  the  value  of  ^  or  to  2560.  Thus  the  no-load  voltage 
=  2560. 

(no-load  volts)  —  (full-load  volts) 


Regulation 


(full-load  volts) 
^  2560  -  2300 

2300 
=  11.3  per  cent. 
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Prob.  18-1.  A  three-phase  alternator  rated  1000  kv-a.  6600 
volts  has  an  effective  resistance  of  0.5  ohm  and  a  reactance  of 
10.0  ohms  per  phase  of  the  winding.  Assuming  these  constants 
to  represent  all  reactions  which  affect  the  drop  of  terminal  voltage 
mider  load,  calculate  the  following  (the  phases  being  Y-connected) : 

(a)  Volts  required  between  terminals  of  each  phase  of  the  winding 
at  rated  full  load,  power-factor  1.00. 

(6)  Amperes  in  each  phase  of  winding,  rated  full  load. 

(c)  Volts  required  to  overcome  reactions  due  to  resistance,  and 
to  reactance. 

(d)  Total  voltage  induced  in  each  phase. 

(c)  Increase  of  voltage  when  full  load  is  removed. 
(/)  Voltage  regulation,  per  cent.    Illustrate  solution  by  vector 
diagram. 

Prob.  1^1.  Repeat  calculations  of  Prob.  18-1  on  basis  of 
Y-connected  alternator  supplying  load  of  80  per  cent  lagging 
power-factor. 

Prob.  20-1.  Repeat  Prob.  18-1  for  alternator  A-connected 
at  same  phase  voltage  with  load  of  100  per  cent  power  factor. 

Prob.  21-1.  Repeat  Prob.  18-1  for  alternator  A-connected 
with  load  of  80  per  cent  power-factor. 

9.  Armature    Reaction    in    Single-phase    Alternators. 

Some  explanation  of  the  bare  statement  of  facts  given  in  the 
preceding  article  is  necessary  to  a  proper  understanding  of 
important  operating  features  of  alternating-current  genera- 
tors and  motors.  Let  us  first  analyze  the  magnetic  actions 
of  the  armature  of  a  single-phase  alternator,  or  a  polyphase 
alternator  of  which  only  one  phase  is  loaded.  In  Fig. 
9  to  28,  this  phase  occupies  two  slots  per  pole  of  an  alter- 
nator having  6  slots  per  pole  with  any  number  of  poles. 

When  I  is  in  phase  with  E{,  Fig.  9  to  12  illustrate  conditions 
at  consecutive  instants  one-quarter  period  apart,  for  one  complete 
cycle  of  e.m.f.  In  Fig.  9,  Ei  is  maximum,  and  /  is  also  maximum 
in  same  direction.  The  armature  current  produces  flux  repre- 
sented by  lines  I  and  c.  The  varying  amount  of  I  and  c  as  / 
alternates  is  the  cause  of  the  self-induction  reaction  denoted  by 
(a: J)  in  previous  diagrams.  At  the  instant  illustrated  by  Fig.  9, 
any  armature  flux  c  which  passes  through  the  field  p)oles  does  so  in  a 
general  direction  at  right  angles  to  the  flux  m  which  is  produced  by 
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the  field  windings.  It  weakens  the  main  field  at  the  leading  pole- 
tip  but  strengtheiis  it  in  equal  amount  at  the  tnuling-tip.  The 
total  fiux  per  pole  is  not  altered  unlees  the  average  permeability  of 
the  iron  k  chraged  by  the  redistribution  of  flux. 


Fia.  S.  The  e.m.f.  and  the  current  in  the  armature  coils  are  in  phase 
and  have  a  pi^"'"'""  value  at  this  instant.  The  magnetic  lines 
c,  c,  e,  due  to  current  in  armature  windings  are  at  right  angles  to  the 
lines  m,  m,  m,  due  to  the  field  coils.  This  weakens  the  leading  pole- 
tip  and  strengthens  the  trailing  tip. 


Fio.  10.  One-quarter  of  a  oyole  later  than  Fig.  9.  The  current  end 
e.m.f.  of  the  armature  are  zero,  and  the  field  ia  unaffected.  While 
passing  from  position  in  Fig.  9  to  that  of  Fig.  10  the  field  was  both 
distorted  and  weakened. 

One-quarter  period  later  the  conditions  are  as  represented  in 
Fig.  10.  If  /  were  still  flowing  in  the  same  direction  as  in  Fig.  9, 
the  armature  flux  c  would  pass  through  the  magnetic  circuit  paral- 
Ui  to  the  main  field  m  and  in  direct  opposition  to  it  —  i.e.,  its  entire 
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action  upon  m  would  be  demagnetizing  or  weakening,  instead  of 
cro3S-nmgnetizing  or  distorting.  But  at  this  mstaDt  (Fig.  10)  / 
equals  zero  because  /  is  in  phase  with  E(  which  is  zero  as  conductors 
are  cutting  no  lines.  While  we  are  passing  from  Fig.  9  to  lO, 
the  annature  leaction  ia  partly  distorting  and  partly  weakening.     Be- 


Fio.  II.  One-half  cycle  later  than  F^.  9.  There  is  again  a 
distortion  of  the  field,  but  no  weakening  or  strengthening.  Both  /  and 
E  are  again  maximum  though  in  the  opposition  direction  to  that  of 
Fig.  9.  Field  is  distorted  and  strengthened  in  passing  from  Fig.  10 
toFifi.  11. 


2.  Three-quarters  of  a  cycle  later  than  Fig.  9.  Between  tins 
figure  and  Fig.  11  the  effect  of  the  armature  reaction  was  to  distort 
and  weaken  main  field. 


tween  Fig.  10  and  11,  it  is  partly  distorting  and  partly  strengtliening 
the  main  field.  At  the  instant  of  Fig.  11,  we  have  maximum  dis- 
tortion and  no  weakening  or  strei^hening.  Between  Fig.  11 
and  12,  it  is  partly  distorting  and  partly  weakening  again.     At 
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the  instant  of  Fig.  12,  both  effects  are  zero.  Between  Fig.  12 
and  9  (completing  one  cycle  of  e.m.f.)  the  armature  reaction  partly 
distorts  and  partly  strengthens  the  main  field. 

Summarizing  the  effects  throughout  one  cycle  of  e.m.f. 
we  find  that,  when  I  is  in  phase  with  E^: 

(a)   There  is  a  distorting  effect,  varying  in  intensity 
from  a  maximum  to  zero  to  maximum  to  zero  (or 
through  two  cycles  during  each  cycle  of  e.m.f.),  but 
always  tending  to  concentrate  the  fiux  at  the  trailing 
pole-tip. 
(&)   There  is  a  direct  effect,  alternately  weakening  and 
strengthening  the  main  field  twice  during  each  cycle 
of  Ei,  but  having  a  zero  average  effect  upon  the 
amount  of  flux  from  each  pole  and  the  effective  value 
of  Ei. 
It  follows,  therefore,  that  the  decrease  of  terminal  voltage 
with  increase  of  non-inductive  load  on  a  single-phase  alter- 
nator is  caused  principally  by  resistance  and  self-inductance 
of  the  armature  winding.    The  armature  reaction  causes  the 
flux  to  oscillate  across  the  pole-faces,  which  would  seriously 
increase  the  loss  due  to  eddy-currents  in  the  pole-faces  if  they 
were  not  well  laminated. 

Having  seen  from  this  discussion  how  the  magnetic  action  of 
armature  currents  affects  the  main  field  of  any  multipolar  alterna- 
tor, the  student  is  prepared  to  appreciate  and  use  a  very  valuable 
diagram  of  armature  reaction  used  by  Professor  Morecroft.*  In 
Fig.  13  to  20,  the  length  and  direction  of  the  vector  n  represent 
the  strength  (ampere-turns)  and  direction  of  the  magnetic  action 
of  the  armature.  The  total  action  of  n  is  equivalent  to  c  ampere- 
turns  acting  at  right  angles  to  the  field  ampere-turns  (producing 
distortion  of  flux),  plus  w  or  8  ampere-turns  acting  parallel  to  the 
field  ampere-turns  (decreasing  or  increasing  the  main  flux).  Fig. 
13  corresponds  to  Fig.  9  and  Fig.  14  corresponds  to  an  instant  or 
position  midway  between  Fig.  9  and  10.  During  one  cycle  of 
induced  e.m.f.,  the  end  of  vector  n  moves  twice  around  the  dotted 

*  See  "  Continuous  and  Alternating  Current  Machinery "  by  J.  H. 
Morecroft,  John  Wiley  and  Sons. 
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FiQ.  13.  The  line  n  represents  the  amount  and  direction  of  the  mag- 
netic action  of  the  armature.  The  line  c  represents  that  component 
of  n  which  is  at  right  angles  to  the  main  field.  This  figure  corresponds 
to  Fig.  9,  and  thus  c  =^  n  since  the  whole  magnetic  efifeot  of  the 
armature  is  to  cross-magnetize  the  poles. 


Fig.  14.  The  condition  half-way  between  Fig.  9  and  Fig.  10.  The 
magnetic  effect  n  has  become  smaller,  and  has  two  components,  c, 
tending  to  cro6&-magnetize  the  field,  and  to,  tending  to  weaken  the 
field. 
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Fig.  15.    The  condition  shown  in  Fig.  10.    The  magnetizing  effect  of 

the  armature  is  sero. 
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circle.    A  careful  study  of  these  diagrams  will  disclose  the  same 
actions  described  from  Fig.  9  to  12. 

When  the  armature  current  (I),  lags  90^  behind  the  induced 


Fio.  16.  A  condition  half-way  between  that  of  Fig.  10  and  that  of  Fig.  1 1 . 
The  armature  magnetic  effect  n  now  has  two  components,  e,  tending 
to  cToeB-magnetize  the  field,  and  Sj  tending  to  strengthen  it. 


Fw.  17. 


The  condition  of  Fig.  11.    All  the  armatiu^  magnetic  effect 
tends  to  distort  the  field  by  cross-magnetizing  it. 


Fig.  18.  Half-way  between  Fig.  11  and  Fig.  12.  There  is  a  weakening 
^  effect  w  and  a  distorting  effect  c. 

e.m.f.  (Ei)f  the  effects  of  armature  reaction  on  the  main  field 
may  be  seen  clearly  by  examining  Fig.  21,  22,  23  and  24.  The 
Morecroft  diagram  corresponding  to  this  case  is  Fig.  29.    If  we 
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Fia.  19.    The  same  condition  as  shown  in  Fig.  12.    No  mag- 
netic effect  from  the  armature. 


FiQ.  20.  Half-way  between  Fig.  12  and  Fig.  9.  The  armature  mag- 
netic force  now  has  a  distorting  effect  c  and  a  strengthening  effect  s. 
When  the  armature  coil  has  completed  one  cycle,  the  magnetizing 
effect  of  the  armature  has  completed  two  cycles. 


FiQ.  21.*  The  e.m.f.  is  a  maximum  but  the  current  is  zero  in  the  arnoa- 
ture  because  the  current  lag?  90^.  No  magnetizing  effect  by  the 
armature. 
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Fiu.  22.    One-quarUr  cycle  laUr  thao  Fig.  21,    Note  that  Ibe  armature 
cuiTCDt  tends  to  weaken  the  lidd.    Fig.  29  shows  the  Morecroft 
IB  for  the  condition  half-way  betwrrn  Fig.  21  and  Pig.  22. 


Fig.  23.  Onoialf  cycle  later  than  Fig.  21.  The  current  has  agtun  be- 
come Kero,  therefore,  the  magnetizing  effect  of  the  armature  again 
becomes  Hzo. 


Fio.  24.    Three-quartere  of  a  cycle  later  than  Fig.  21.    Again  the 
armature  reaction  weakens  the  fields. 
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follow  the  cross-magnetizing  and  the  weakening  or  strengthening 
actions  of  the  armature  ampere-turns,  through  one  complete  cycle 
of  current,  we  shall  find  that: 

(a)  There  is  a  distorting  effect  which  varies  cyclically  with  twice 
the  frequency  of  the  current,  pushing  the  flux  out  of  its  normal  or 
zero-load  position  first  toward  one  pole-tip  and  then  toward  the 
other  pole-tip.  The  average  distorting  effect  is  zero.  The  pole- 
face  eddy-current  losses  are  likely  to  be  large. 

(6)  There  is  a  direct  effect  in  line  with  the  ampere-turns  of  the 
field  winding.  This  effect  varies  cyclically  between  zero  and  a 
maximum  value,  but  always  acts  to  weaken  the  main  field.  There 
is  an  average  weakening  effect,  and  Ei  is  reduced.  It  is  evident, 
therefore,  that  when  I  lags  90°  behind  Ei  it  causes  a  larger  drop  in 
Etf  and  makes  the  voltage  regulation  worse  than  with  non-inductive 
load. 

When  I  leads  £<  by  90^,  conditions  are  as  represented 
by  Fig.  25,  26,  27,  28  for  successive  instants,  or  by  Fig.  30 


Fig.  25.    The  current  leads  the  e.m.f.  by  90°.    With  the  armature  in 
this  position  the  magnetizing  effect  of  the  armature  is  zero. 


for  an  entire  cycle  of  current.    Analyzing  the  meaning  of 
these  diagrams  in  the  manner  indicated,  we  find  that: 

(a)  There  is  a  distorting  effect  similar  to  that  produced 
when  /  lags  90°  behind  Ei,  The  average  distortion 
is  zero. 

(b)  There  is  a  pulsating  direct  effect  parallel  to  the  main 
field,  but  always  in  a  direction  to  increase  the  flux. 
On  the  average  this  effect  increases  Ei  and  Et. 


ALTERNATORS:    REGULATION  AND  CONTROL       37 


Fig.  26.  One-qiwrter  of  a  cycle  later  than  F^.  26.  The  armature  re- 
action BtraigthenB  the  fidds.  Fig.  30  ia  the  Morecroft  diagram  for  a 
conditioii  half-way  between  thia  and  Fig.  25. 


Flo.  27.  One-half  cycle  later  than  I^g.  25.  The  e.m.f.  being  at  a 
majdmum  the  current  must  be  zero,  and  therefore  the  armature  re- 
action is  HTO. 


Flo.  2S.  Three-quartera  of  a  cycle  later  thao  Fig.  25.  Again  the  cur- 
rent has  become  a  muTiniiim  and  the  fidde  are  again  Btnngthened  by 
the  armature  reaction. 
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Now  consider  the  general  case  when  I  lags  behind  Et  some  angle 
between  0®  and  90°,  or  the  power-factor  of  the  entire  circuit  is 


Fig.  29.  A  condition  half-way  between  Fig.  21  and  Fig.  22.  The  cur- 
rent lags  90^  behind  the  voltage.  The  armature  reaction  n  tends  to 
cross-magnetize  c  and  weaken  w,  the  main  field.  Note:  The  marks 
©and  ©  indicate  direction  of  currentf  not  e.m.f. 


Fig.  30.  The  current  leads  the  voltage  by  90°.  The  armature  reaction 
has  a  cross-magnetizing  component  c  and  a  strengthening  component 
8.    The  condition  half-way  between  Fig.  25  and  26. 


,-Jr^'^''^. 


Fig.  31.  The  armature  current  lags  behind  the  voltage  0^.  The  arma- 
ture reaction  n  has  a  field  weakening  effect  w  and  a  cross-magnetizing 
effect  c.    The  circles  C  and  M  are  component  circles  of  circle  A, 

between  1.00  and  0.00.  Fig.  31  is  drawn  for  a  power-factor  equal 
to  cos  0.  The  coil  is  shown  at  the  instant  when  I  has  its  maximum 
value;  the  total  armature  ampere-turns  is  represented  by  n,  which 
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is  equivalent  to  a  distorting  effort  of  c  ampere-turns  plus  a  weaken- 
ing effect  of  w  ampere-turns,  on  the  main  field.  As  the  coil  makes 
one  revolution,  the  end  of  the  vector  n  rotates  twice  around  the 
circle  A.  The  vertical  component  of  n  has  an  average  value  up- 
ward, indicating  that  the  flux  is  pushed  toward  the  trailing  pole-tip 
most  of  the  time,  although  it  concentrates  slightly  on  the  other  tip 
for  a  small  part  of  each  half-cycle  of  current.  The  horizontal 
component  of  n  has  an  average  value  opposite  to  the  main  field, 
although  it  increases  the  flux  for  a  small  part  of  each  half-cycle  of 
current.  The  analysis  is  simplified  by  resolving  /  into  two  com- 
ponents, one  in  phase  with  Ei 

and  the  other  90°  behind  Ei,  ^.--— TT^fefcl 

The  magnetizing  action  of  the 

former   is  represented   by  the 

circle  C  and  of  the  latter  by 

the  circle  M  (compare  Fig.  14 

and  29). 

By  this  analysis  we  see  that 
whatever  average  distorting 
effect  there  may  be,  is  due  to 
the  component  of  /  in  phase 
with  Eif  and  whatever  average 
weakening  effect  there  may  be, 
is  due  to  the  component  of  I 
which  la03  90°  behind  Ei.  It  Fig.  32.  Note  that  the  decrease  of 
follows  that  a  given  reduction       the  power-factor  from  1.00  to  .90 


increases  the  reactive  component 
of  the  current  from  zero  to  IiCu 
or  about  44  per  cent  of  the  total 
value  of  the  current  (O/i). 


of  power-factor  will  affect  the 
voltage  regulation  much  more 
seriously  when  the  power-factor 
is  high,  than  when  it  is  low. 
Thus,  Fig.  32  shows  that  when 
we  reduce  the  power-factor  from  100  per  cent  to  90  per  cent,  the 
wattless  or  reactive  component  cJi  increases  from  0  to  43.6  per 
cent  of  /,  while  a  further  equal  decrease  of  power-factor  (from  90 
per  cent  to  80  per  cent)  increases  the  wattless  component  by  16.4 
per  cent  of  I  (or,  to  0.60  J).  A  reduction  of  power-factor  from  20 
per  cent  or  30  per  cent  to  zero  would  produce  an  insignificant 
change  in  the  quadrature  component  of  7,  and  therefore  would  not 
appreciably  alter  the  flux  and  the  voltage  regulation. 


Prob.  22-1.  What  factors  must  be  considered  as  limiting  or 
preventing  the  rapid  displacements  of  flux  across  the  pole-faces, 
which  theory  indicates  should  result  from  the  varying  cross-mag- 
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netizing  component  of  armature  reaction  in  the  single-phase  al- 
ternator? 

Prob.  23-1.  Prove  that  the  path  of  the  end  of  the  vector  n 
(Fig.  13  to  20),  as  the  armature  winding  rotates,  is  truly  a 
circle. 

Prob.  24-1.  Describe  in  detail  the  magnetizing  action  of  the 
armature  for  one  complete  cycle,  when  the  current  lags  90®  behind 
induced  e.m.f.    See  Fig.  21,  22,  23,  24,  29. 

Prob.  25-1.  Repeat  Problem  24-1,  but  assimie  the  current 
to  lead  the  induced  e.m.f.  by  90*".    See  Fig.  25,  26,  27,  28,  30. 

Prob.  26-1.  The  single  armature  coil  in  Fig.  13  to  20  has  10 
turns  and  carries  an  harmonic  current  whose  effective  value  is  10 
amperes.  Calculate  the  maximum  and  average  cross-magnetizing 
force  due  to  the  armature,  in  ampere-tums.  Current  is  in  phase 
with  induced  e.m.f. 

Prob.  27-1.  The  armature  specified  in  Prob.  26-1  carries  a 
current  which  lags  90®  behind  the  induced  e.m.f.,  as  illustrated  by 
Fig.  29.    Calculate: 

(a)  The  maximum  and  average  values  of  cross-magnetizing 
ampere-tums. 

(6)  The  maximum  and  average  values  of  demagnetizing  ampere- 
tums. 

10.  Armature  Reaction  of  Pol3rphase  Alternator.  When 
a  polyphase  alternator  carries  a  balanced  load  (equal  current 
at  same  power-factor  in  all  phases),  the  magnetic  field  due  to 
the  currents  in  the  armature  windings  is  steady,  or  constant 
in  value  and  fixed  in  direction.  When  I  is  in  phase  with 
the  £{  which  produces  it,  the  armature  reaction  pushes 
the  flux  toward  the  trailing  tip  of  each  pole  and  holds  it 
there  steadily  but  neither  increases  nor  decreases  apprecia- 
bly the  amount  of  flux.  When  I  lags  90^  behind  £»,  the  flux 
is  reduced  by  the  coimter  magneto-motive  force  of  the 
armature  ampere-turns,  but  the  distribution  of  flux  is  nearly 
the  same  as  at  zero-load.  Between  these  two  extremes,  or 
when  the  power-factor  of  the  entire  circuit  is  between  1.00 
and  zero,  the  armature  current  produces  both  distortion  and 
weakening  of  the  main  field  (/  lagging).  Each  effect  is 
constant,  and  depends  upon  the  values  of  /,  cos  B,  and  nmnber 
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of  turns  in  tbe  armature  winding.  High  power-factors,  few 
BTmature  turns  and  strong  fields  are  conducive  to  good  volt- 
age r^ulation. 

Fig.  33  to  38  present  an  analysis  of  the  armature  reaction  in 
a  three-phase  alternator  with  balaoced  load.    In  Big.  33|  fti.  rep- 


Fio.  33.  The  vector  tii  represents 
the  armature  reaction  in  Fhaee  1 
of  a  three-phaae  gena«tor  with 
balanced  load  of  unity  power- 


FiG.  34.  The  vector  Wi  repr«seats 
tbe  armature  reaction  of  Phase 
2  of  the  generator  at  the  same 
instant  as  that  repreeented  in 
Fig.  33. 


I'lO.  35.  The  vector  nj  represents 
the  armature  reaction  of  Phase 
3  at  same  instant  aa  Fig.  33 
and  34. 


I  / 

i        /  ** 

Fio.  36.  The  vector  .i  repreaenta 
the  resultant  armature  reaction 
of  the  three  phases  of  Fig.  33, 
34  and  35. 


resents  the  total  ampere-tums  of  Phase  1,  at  the  instant  when 
the  current  in  it  is  tnaxununi.  The  current  is  in  phase  with  £,-,  and 
the  dotted  circle  represents  the  path  of  the  end  of  vector  n,,  as  the 
armature  rotates  (compare  Fig.  13).  Fig.  34  represents  Phase  2, 
and  Fig.  35  represents  Phase  3,  all  at  the  same  instant.  If  we  add 
\-ectorially  the  three  armature  reactions,  ni,  n^,  ni,  as  in  f^g.  36, 
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we  find  that  the  vector  On  represents  the  total  ampere-turns  of  all 

phases,  both  as  to  value  and  direction.    The  vector  On  remains  the 

same  length  and  the  same  direction,  for  all  positions  of  the  armature, 

provided  /  remains  in  phase 
with  Ei.  To  illustrate  this,  Fig. 
87  is  drawn,  representing  ni,  ni, 
and  n%  at  an  instant  30  electrical 
degrees  or  ^  period  after  Fig. 
36;  at  this  instant,  ni  has  in- 
creased, n\  has  decreased,  and 
vz  has  become  zero  (current  in 
Phase  3  is  zero  at  this  instant). 
When  J  lags  ^  behind  Ei 
(power-factor  of  entire  circuit, 

Fia.  37.  The  vector  n  represents  including  armature  winding, 
the  resultant  armature  reaction  equal  to  cos  d),  conditions  are 
of  the  three-phase  generator  at  as  represented  by  Fig.  38.  The 
an  instant  30°  later  than  that  of  vector  On  represents  total  am- 
Fig.  36,  when  n«  has  become  zero,  pere-turns  of  the  armature,  as 
Note  that  the  value  of  n  has  to  both  value  and  direction, 
remained  unchanged.  The  lumature  currents  produce 

a  constant  counter  m.m.f.  of  Od 

ampere-turns  in  the  magnetic  circuit,  reducing  the  flux,  and  Ei. 

There  is  a  constant  cross-magnetizing  m.m.f.  of  Oc  ampere-turns, 

distorting  the  flux.     The  main  difference  between  the  armature 

reaction  of  the  polyphase  and 

the    single-phase    alternator   is 

seen  to  be  in  the  constancy  of 

the    former    and    the    double-  

frequency    cyclic    variation    of 

the  latter. 


Prob.  2&-1.    Each  phase  of 
the  winding  in  Fig.  33  to  38 
has   10   turns   and    carries   an 
harmonic  current  whose  effec-  Fia.  38.    The  vector  n  represents 
tive  value  is  10  amperes.    Cal-      the  constant  armature  reactions 
culate   the   maximum   ampere-      of  a  three-phase  generator,  when 
turns  of   one    phase,   and  the      the  power-factor  is  cos  0. 
total  ampere-turns  of  all  three 

phases  together  for  the  position  shown  in  Fig.  36.  Repeat  for 
Fig.  37.  Compare  these  total  values  and  note  how  they  agree 
with  statements  in  the  text. 
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Prob.  Sd-i,  Can  you  make  a  general  proof  that  the  total  mag- 
netic effect  (n)  of  all  phases  of  a  three-phase  winding  is  constant? 
What  is  the  ratio  between  the  total  effect  of  all  phases,  and  the 
nrnutiimiiTn  effect  of  onc  phase,  in  a  three-phase  alternator? 

Prob.  30-1.  Draw  vector  diagrams  for  a  two-phase  alternator, 
after  the  manner  of  Fig.  33  to  37. 

11.  Synchronous  Impedance.  The  effects  of  armature 
self-inductance  and  of  armature  reaction  cannot  be  measured 
separately  by  any  convenient  commercial  test.  In  rough 
calculations  of  voltage  regulation  of  an  alternator  (by  the 
so-called  E.M.F.  Method),  the  effects  of  these  two  reactions 
upon  the  terminal  voltage  are  combined  in  a  factor  known 
as  the  "synchronous  reactance  (X)"  The  "synchronous 
impedance"  is  a  factor  which  measures  the  combined  effect 
of  armature  resistance  and  synchronous  reactance,  upon  the 
terminal  voltage. 

Synchronous  impedance  is  always  measured  (as  the  name 
implies)  while  the  alternator  (or  synchronous  motor)  is  rotat- 
ing at  synchronous  speed,  i.e.,  at  rated  speed.  It  has  little 
relation  to  the  impedance  of  the  same  armature  as  measured 
at  standstill,  even  with  currents  of  rated  frequency.  The 
armature  is  short-circuited  through  an  ammeter  connected 
directly  across  the  terminals,  the  field  current  being  adjusted 
to  a  value  low  enough  to  produce  approximately  full-load 
amperes  through  the  short-circuited  armature.  After  meas- 
uring /,  the  short-circuit  is  opened,  and  the  open-circuit 
voltage  is  measured.  This  open-circuit  voltage  must,  there- 
fore, be  the  voltage  required  to  force  the  full-load  current 
through  the  armature  alone.  Then,  for  the  same  field  cur- 
rent and  (rated)  frequency: 

Synchronous  impedance  (per  phase)  = 

open-circuit  volts,  per  phase     _  „ 
short-circuit  amperes,  per  phase 

Then  we  measure  the  resistance  of  each  phase  of  the  winding, 
usually  with  direct  current,  using  the  ammeter-voltmeter 
method.    Increasing  this  by  15  per  cent  to  allow  for  eddy- 


44 


ALTERNATING-CURRENT  ELECTRICITY 


sf' 


currents  and  skin-effects  in  windings,  we  get  r,  the  alter- 
nating-current resistance  of  one  phase.     From  this  we  get: 
Synchronous  reactance  (per  phase)  = 

(Synchronous  impedance)^  —  (a-c.  resistance)*  _  j^ 
(per  phase)  (per  phase) 

Example  4.    A  Y-connected  alternator  rated  to  deliver  5000  kv-a. 

at  6600  volts,  60  cycles,  yields  the  following  data  when  tested  for 

S3mchronous  impedance: 

Short-circuit  armature  current  =  438  amperes  per  terminal. 

Open-circuit  volts  between  terminals  =  2790  for  same  field 

current  and  rated  frequency. 

Measured  resistance  of  the  armature  (hot)  between  any  two 

terminals  =  0.0962  ohm. 

From  these  we  calculate  as  follows: 

2790 
Volts  induced  in  each  phase  of  winding  =  ~^  =  1610. 

Amperes  in  each  phase  of  winding  =  438. 

1610 


438 


Synchronous  impedance  of  each  phase  of  winding  = 

=  3.68  ohms. 

Direct-current  resistance  of  each  phase  =  --^— —  =  0.0481  ohm. 
(two  phases  in  series  between  terminals) 
Alternating-current  resistance  per  phase  =  115    per   cent    of 
0.0481  =  0.0554  ohms. 

Synchronous      reactance     per    phase  =  V(3.68)*  —  (0.0554)* 

=  3.678  ohms. 

Prob.  81-1.   ThefoUowiiig  test  readings  show  the  relation  between 

open-circuit  volts  and  field  amperes  for  a  delta-connected  alternator 

rated  2140  kv-a.  three-phase  50  cycles  6300  volts  300  r.p.m.,  and 

operated  at  rated  speed  (see  Electric  Journal,  Nov.  1913,  page  1189) : 


VolU  between 
terminala. 

Field  amperes. 

When  the  armature  ifl  short-ciTouited  the  fol- 
lowing readings  are  taken,  also  at  rated  speed. 

0 

1200 
2400 
3600 
4800 
6000 
6300 
6930 
7800 
8550 

0.0 
13.2 
26.7 
40.5 
55.5 
72.5 
77.1 
90.0 
118.0 
155.0 

Shortrcircuit 

amperes  per 

terminal. 

Field 
amperes. 

Short-cirouit 
loss,  kw. 

0 

99 

195 

294 

390 

0.0 
15.3 
30.0 
46.0 
60.5 

0.0 

3.5 

13.5 

30.0 

53.5 
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The  armature  resistance  per  phase  as  measured  by  direct  current  is 
0.1025  ohm  at  25''  C.  The  field  resistance  is  0.718  ohm  at  25""  C. 
From  these  data,  draw  curves  with  field  current  as  abscissas,  open- 
circuit  volts  per  phase  and  short-circuit  amperes  per  phase  as  ordi- 
nates.  Calculate  the  synchronous  impedance  per  phase  from  these 
curves,  corresponding  to  each  value  of  current  observed  in  the  short- 
circuit  test.  Does  the  synchronous  impedance  appear  to  be  a  con- 
stant quantity  within  the  range  of  these  observations?  Calculate 
also  the  synchronous  reactance. 

12.  Calculatioii  of  Voltage  Regulation  by  Synchronous 
Impedance  Method.    Let  it  be  required  to  calculate  the 
voltage   regulation   of   the 
alternator  of   Example  4^ 
from  rated  full-load  kv-a. 
at  80  per  cent  power-factor ' 
to    zero-load.     First    con- 
sider the  case  of  a  lagging 
current,  as  in  Fig.  39.    Lay 
out  a  reference  vector  01  of 
any  length,  representing  the 
current  in  one  phase.     Then  Fig.  39.    The  vector  Oa  represents 
lay  out  Od,  leading'  01  by      *^®  ^'^'^'  ^^^*^  ^^^  ^®  generated 

^    ,  1         1.       '        •  to  supply  a  terminal  voltage  of  Od, 

£r   (=  anele  whose   cosme       ^  r  ^      e      .» 

V      «"6*^    T»   vr         v«    ^      ^^  ^  power-factor  of  cos  $, 

is  0.80,  the  power-factor).  Oa^Od@dc®ca. 

The  length  of  Od  represents 

the  e.m.f .  required  to  be  produced  at  the  terminal  of  each 
phase  of  the  winding,  which  in  this  case  is  3750  volts.  Then 
from  d  lay  out  the  vector  dc  parallel  to  01  and  in  the  same 
direction,  and  of  length  representing  (jr^)  volts.  This  is  the 
e.m.f.  required  to  overcome  the  resistance  reaction  in  each 
phase. 

5000  kv-a. 
I  (per  phase)  =  Vs  X  6.6  kv.  ""  ^^'^  amperes. 

tI  (per  phase)  =  0.0554  X  437  =  24.2  volts. 

Then  from  c  we  lay  out  ca  in  a  direction  leading  01  by  90®, 
and  of  a  length  proportional  to  {XI)  y  the  e.m.f.  required  to 
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overcome  the  reactions  represented  by  the  synchronous 
reactance. 

XI  (per  phase)  =  3.678  X  437  =  1608  volts. 

The  resultant  vector  Oa  represents  the  e.m.f.  that  should  be 
generated  by  a  field  excitation  sufficient  to  overcome  the 
reactions  or  voltage  drops  due  to  resistance,  inductance  and 
armature  reaction,  and  still  have  Od  volts  remaining  between 
the  terminals.    We  calculate  Oa  as  follows: 

Component  of  Oa  in  phase  with  01  =:  Ob  +  dc  = 

{Od  cos  e  +  rl)  =  (3750  X  0.8)  +  25  =  3024  volts. 
Component  of  Oa  in  quadrature  with  01  =  bd  +  ca  = 
(Od  sin  ^  +  XI)  =  (3750  X  0.6)  +  1608  =  3858  volts. 
Oa  =  V(3024)2  +  (3858)2  =  4900  volts. 

If  the  field  current  and  speed  are  kept  constant,  presumably 
we  should  get  this  voltage  between  the  terminals  of  each 
phase  when  the  current  is  reduced  to  zero,  since  then  there 
would  be  no  reactions  of  any  sort  within  the  armature.  As 
the  winding  is  Y-connected,  the  pressure  between  terminals 
at  zero-load  should  be  V3  X  4900  =  8500  volts.  The  rise 
in  voltage  from  full-load  to  zero-load  would  be  (8500  — 
6600)  =  1900.    Then: 

Voltage  regulation  at  80  per  cent  power-factor 
by  synchronous  impedance  method 

==  -QQQQ  =  28.8  per  cent. 

Fig.  40  shows  the  method  of  computing  the  voltage  regu- 
lation for  a  leading  current. 

When  tested  under  actual  full-load  conditions,  alternators 
nearly  always  show  a  lower  or  better  voltage  regulation  than 
is  obtained  by  calculation  according  to  the  synchronous 
impedance  method  explained  above.  This  may  be  due  to 
a  number  of  causes.  X  is  computed  from  short-circuit 
readings  taken  \mder  conditions  of  low  fiux  densities  in  the 
iron  and  very  low  power-factor,  yet  we  assume  it  to  retain 
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the  same  value  at  much  higher  power-factors,  and  much 
higher  degrees  of  saturation  necessary  to  produce  full  rated 
voltage.  Moreover,  in  our  diagrams  (Fig.  33  and  40)  we 
draw  the  synchronous  reactance  e.m.f.  {XI)  perpendicular 
to  /  just  as  if  it  were  all  due 
to  genuine  inductive  reac- 
tance; nevertheless  we  know 
that  the  change  of  Ei  due 
to  field-weakening  effect  of 
armature  reaction  is  in  phase 
with  Eiy  and  only  the  amount  Fig.  40.  The  current  leads  the  volt- 
of  it  depends  upon  the  phase  age  by  d**.  The  generated  e.m.f. 
of  /.  However,  this  method  ^presented  by  Oa  may  be  less 
•1  1*  J     XI.         than  the  terminal  voltage  Od, 

IS  very  easily   applied,   the 

data  are  easy  to  obtain,  and  the  error  is  on  the  safe  side. 
The  student  should  be  thoroughly  familiar  with  this  method 
because  it  applies  to  transmission  lines  even  better  than  to 
alternators  and  is  theoretically  correct  in  all  respects. 

Prob.  82-1.  Calculate  (by  the  synchronous  impedance  method) 
the  voltage  regulation  of  the  alternator  specified  in  Prob.  31-1, 
when  delivering  rated  full-load  output  at  100  per  cent  power-factor. 
Draw  complete  vector  diagram  to  illustrate  your  solution. 

Prob.  33-1.  (a)  Solve  Problem  32-1  using  a  load  of  80  per  cent 
lagging  power-factor. 

(6)  80  per  cent  leading  power-factor. 

Prob.  34-1.  What  would  be  the  voltage  regulation  in  Problem 
33-1  if  the  resistance  drop  were  neglected,  and  the  value  of  syn- 
chronous impedance  were  used  in  place  of  the  value  of  synchronous 
reactance/ thus  eliminating  the  vector  dc  and  slightly  lengthening 
ca,  in  Pig.  39  and  40?  (The  Ir  drop  in  this  armature  is  really  much 
smaller  than  is  usual.) 

Prob.  85-1.  Using  the  synchronous  impedance  method,  cal- 
culate the  terminal  voltage  of  the  alternator  specified  in  Problem 
31-1,  when  the  current  output  is  reduced  to  one-half  of  rated  full- 
load  value,  while  keeping  the  field  excitation  constant  at  full-load 
value.    Power-factor  of  load  is  constant  at  80  per  cent. 

13.  Calculation  of  Voltage  Regulation  by  AJ.E.E. 
Method.    The   following   method   is   prescribed   by   the 
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Standardization  Rules  of  the  A.I.E.E.  (see  Proceedings 
A.I.E.E.,  Aug.  1914),  because  experience  proves  that  values 
of  regulation  obtained  by  it  are  in  close  agreement  with  those 
obtained  by  load  test.  The  most  trustworthy  value  of 
voltage  regulation  is  obtained  by  taking  real  loads  from  the 
generator,  but  on  account  of  the  amount  of  power  required 
this  is  not  practicable  with  very  large  machines. 

This  method  consists  in  computing  the  regulation  from 
experimental  data  of  the  open-circuit  saturation  curve  and 


O  B  Field  Ezcitatton 

Fig.  41.  Curves  OA  and  BQ  are  drawn  from  data  obtained  on  a  no- 
load  run  and  a  full-load  zero  power-factor  run.  The  curve  Bd'  is 
plotted  from  values  obtained  from  OA  and  BG  by  means  of  Fig.  42. 

the  zero  power-factor  saturation  curve.  The  latter  curve, 
or  one  approximating  very  closely  to  it,  can  be  obtained  by 
supplying  full-load  current  of  the  generator  to  a  load  of  idle- 
running  synchronous  motors  adjusted  to  take  lagging  current 
at  lowest  possible  power-factor.  The  power-factor  imder 
these  conditions  is  very  low  and  the  load  saturation  curve 
approaches  very  closely  to  what  it  would  be  at  zero  power- 
factor  with  the  same  current  delivered.  From  this  curve 
and  the  open-circuit  curve,  points  for  the  load  saturation 
curve  for  any  power-factor  can  be  obtained  by  means  of 
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vector  diagrams.     From  the  saturation  curves  the  voltage 
regulation  may  be  calculated. 

The  alternator  is  operated  at  constant  rated  frequency  with  / 
equal  to  zero,  and  the  voltage  is  measured  corresponding  to  various 
values  of  field  current.  These  are  plotted  as  "open-circuit  satura- 
tion" curve  OAf  Fig.  41.  The  armature  is  then  connected  to  a 
load  capable  of  taking  the  full  rated-load  current  of  the  alternator 
at  or  near  zero  power-factor.  Power-factors  of  10  per  cent  or 
20  per  cent  are  practically  equivalent  to  zero,  as  shown  by  means 
of  Fig.  32.  The  durent  and  power-factor  are  kept  constant  while 
the  field  current  is  varied,  and 

the   corresponding   values   of  1 

volts  at  t^minals  are  plotted  | 

as  curve  BO,  Fig.  41,  usually 

called    the    "load    saturation  / 

curve"  at  zero  power-factor.  / 

At  any  given  field  excitation  /        i 

Oc,  the  voltage  that  would  be  /         / 

induced  on  open  circuit  is  ac,     /\i""JP*b 

The  terminal  voltage  at  zero  /    y^     }^ 

power-factor  and  full-load  cur-  /  ^^ 

rent  is  6c,  and  the  apparent  /^^ 

internal  drop  is  a6.    The  ter-  Jr^ 

minal  voltage  dc  with  full-load  y^ 

current  of  any  other  power-  / 

factor  can  then  be  found  by  Fig.  42.    Lay  off  be.    Draw  the  ver- 

drawin^  an  e.m.f .  diagram  as       ticai  line  from  e.    Draw  &/  at  angle 

in  Fig.  42,  where  ^  is  an  angle       ^  to  &e  and  swing  an  arc  with  a 

the   cosine    of   which    is   the       radius  equal  to  ob,  Fig.  41,  until 

power-factor  of  the  load.    The      it  cuts  the  vertical  at  a.    From 

Une  he  is  the  resistance  drop      a  swing  an  arc  with  a  radius  of  qa^ 

{IR)  in  the  armature  winding,       Fig.  41,  to  cut  6/ at  c. 

ba  is  the  total  internal  drop 

and  ac  is  the  total  induced  voltage,  ba  and  ac  being  laid  off  to 

correspond  with  the  values  obtained  from  Fig.  41.    The  terminal 

voltage  at  power-factor  cos  0  is  then  cb  of  Fig.  42,  which,  laid  off  in 

Fig.  41,  locates  the  point  d.    By  finding  a  number  of  such  points, 

the  curve  Bdd'  for  power-factor  cos  ^  is  obtained,  and  we  have: 

,        a'd' 
Regulation  m  per  cent  (at  power-factor  cos  9)  =  37-7  X  100, 

a  c 

since  a'd'  is  the  rise  in  voltage  when  we  throw  off  the  rated  full-load 

current  at  rated  voltage  c'd'  and  power-factor  cos  <t>. 
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Generally  the  resistance  drop  {RI)  may  be  neglected,  as  it  has 
very  little  influence  on  the  regulation,  except  in  very  low  speed 
machines  where  the  armature  resistance  is  relatively  high,  or  in 
some  cases  where  the  regulation  at  unity  power-factor  is  being 
estimated;  for  low  power-factors,  its  effect  is  negligible  in  practically 
all  cases.  If  resistance  is  neglected,  the  simpler  e.m.f.  diagram  of 
Fig.  43  may  be  used  to  obtain  points  on  the  load  saturation  curve 
for  the  power-factor  under  consideration.  Where  it  is  not  pos- 
sible to  obtain  by  test  a  zero 
power-factor  saturation  curve, 
this  curve  may  be  estimated 
closely  from  open-circuit  and 
short-circuit  curves,  by  a  method 
explained  in  Proceedings  A.I.E.E., 
Aug.  1914,  page  1263. 

Example  6.  An  alternator  has 
saturation  curves  as  shown  in  Fig. 
44,  which  are  reported  in  Trans. 
A.I.E.E.,  1908,  page  1065.  Cal- 
culate the  voltage  regulation  of 
this  generator  for  a  power-factor 
of  unity. 
From  full-load  curve  at  1.00 
takes  this  simple  form  when  the  power-factor  in  Fig.  44,  we  find 
resistance  drop  he  is  not  con-  that  there  must  be  235  amperes 
sidered.  in  the  field  to  produce  the  normal 

voltage  of  12,000  volts. 
From  the  no-load  saturation  curve  we  find  that  these  235  amperes 
in  the  field  will  produce  a  terminal  voltage  of  12,550  volts,  when  the 
load  is  thrown  off.    The  rise  in  voltage  from  full-load  to  no-load  is 
12,550  -  12,000  =  550. 

550 
The  regulation  at  1.00  power-factor  =       ^^  =  4.6  per  cent. 

Example  6.  Calculate  the  regulation  of  the  above  generator  for 
a  power-factor  of  0.70.    Neglect  armature  resistance. 

Select  a  field  current  of  300  amperes  as  a  value  which  will  prob- 
ably produce  full-load  voltage  of  about  12,000  volts  at  this  power- 
factor. 

The  difference  in  voltage  between  no-load  and  full-load  at  zero 
power-factor  is  represented  by  the  distance  ab  in  Fig.  44.  Lay 
off  this  distance  as  a6  in  Fig.  45.  Draw  the  line  he  of  indefinite 
length  at  an  angle  of  45.5°  to  hz,    (45.5°  is  the  angle  of  which 


Fig.  43.    The  diagram  of  Fig.  42 
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0.70  is  the  cosine.)  In  Fig.  44,  the  length  ac  is  the  no-load  volt- 
age for  this  field  current.  Take  off  this  distance  in  Fig.  44  with 
compasses  and  draw  an  arc  in  Fig.  45,  with  the  point  a  as  the 
center,  until  it  cuts  the  line  cb  at  c.  The  line  cb  represents  the  full- 
load  voltage  at  a  power-factor  of  70  per  cent.  Lay  this  distance  off 
from  c  to  d  on  the  line  ca  of  Fig.  44.    Draw  a  line  through  d  parallel 
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Fio.  44.    T3rpical  test  curves  for  an  alternating-current  generator. 


to  the  curve  for  the  full-load  current  at  zero  power-factor,  and  thus 
determine  the  point  d'  which  shows  what  field  current  is  needed  to 
produce  a  full-load  voltage  of  12,000  volts  at  70  per  cent  power- 
factor.  The  corresponding  point  a'  for  the  same  field  current  on 
the  no-load  ciu^e  shows  the  value  to  which  this  terminal  voltage 
will  rise  when  the  load  is  taken  off  and  this  field  current  continued. 


52 


ALTERNATING-CURHSNT  ELECTRtCtTY 


The  distance  a'df^  therefore,  represents  the  voltage  rise  from 
full-load  to  no-load  at  this  power-factor,  equal  to  14,600  —  12,000, 
or  2600  vdts. 

Regulation  at  70  per  cent  power-factor  =  =  T2000  ^  ^^'^ 

per  cent. 

Prob.  86-1.    Calculate  the  voltage  regulation  of  the  alternator 

of  Example  5  for  a  power-fac- 
tor of  85  per  cent  from  these 
curves. 

Prob.  87-1.  From  the  data 
in  Fig.  44,  calculate  the  synchro- 
nous impedance  of  this  alter- 
nator using  the  data  of  the 
short-circuit  test  and  the  open- 
circuit  saturation  curve.  Cal- 
culate the  voltage  regulation 
by  the  synchronous  impedance 
method  for  85  per  cent  power- 
factor  and  for  100  per  cent 
power-factor.  Neglect  the  re- 
sistance of  the  armature.  Com- 
pare with  the  results  of  Problem 
36-1  and  Example  5. 

Prob.  38-1.  The  data  in  the 
table  below  for  curve  of  full-load 
saturation  at  zero  power-factor 
were  taken  on  the  alternator 
specified  in  Problem  31-1. 
Draw  the  zero-load  and  the 
i  iQ.  45.  The  line  6c  represents  the  full-load  zero  power-factor  satu- 
terminal  voltage  of  the  generator  ration  curves  for  this  alternator, 
at  full-load  at  70  per  cent  power-  Calculate  enough  of  the  saturar 
factor.  The  scale  is  the  same  as  tion  curve  for  80  per  cent  power- 
in  Fig.  44.  factor  to  enable  you  to  calculate 

the  per  cent  voltage  regulation 
at  this  power-factor,  by  the  A.I.E.E.  method.  Compare  with  the 
result  of  Problem  33-1. 

Prob.  89-1.  Calculate  the  voltage  regulation  of  the  alternator 
specified  in  Problems  31-1  and  38-1,  by  the  A.I.E.E.  method,  at 
a  power-factor  of  100  per  cent,  and  compare  the  result  with  that 
obtained  in  Problem  31-1  by  the  synchronous  impedance  method. 
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Armature 

Armature  ampe. 

1C1*_1  J 

volta. 

per  phase. 

Field  amps. 

3600 

196.2 

71.0 

4800 

196.2 

86.5 

6000 

196.2 

106.0 

6300 

196.5 

112.0 

7200 

196.0 

138.5 

7590 

195.8 

155.0 

14.  Automatic  Voltage  Regulation  for  Generators.    It 

is  not  practicable  nor  economical  to  build  alternators  (and 
therefore  not  wise  to  specify  them)  to  have  a  voltage  regula- 
tion so  good  that  they  can  carry  the  ordinary  fluctuating 
central  station  load  without  permitting  the  voltage  to  vary 
beyond  the  limits  of  good  service.  Very  good  voltage  regu- 
lation increases  the  cost  of  the  alternator  imwarrantably,  and 
is  likely  to  be  obtained  by  sacrifice  of  other  important 
features,  such  as  efficiency.  Also  good  voltage  regulation 
requires  the  inductive  reactance  and  the  armature  reaction 
of  the  alternator  armature  to  be  low.  When  short-circuits 
occur  on  such  alternators,  the  current  runs  up  to  very  high 
values,  and  the  magnetic  forces  exerted  between  the  parts 
of  the  winding  become  great  enough  in  many  cases  to  twist 
them  out  of  shape  and  injure  or  ruin  the  insulation.  As  a 
precaution  against  such  injuries,  the  armature  reaction  and 
inductive  reactance  of  large  alternators  is  usually  made  so 
high  that  some  adjustment  of  the  field  excitation  is  necessary 
to  keep  the  voltage  from  fluctuating  beyond  reasonable 
bounds  as  the  load  changes. 

The  adjustment  of  field  current  may  of  course  be  made 
by  hand,  which  would  require  constant  attention  by  the 
station  operator.  This  is  objectionable  not  only  because  it 
is  more  expensive  than  automatic  control,  but  also  because 
it  can  never  be  as  good  as  the  automatic  method.  The 
fluctuations  are  too  rapid  to  be  followed  successfully  by  eye 
and  by  hand. 
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The  field  current  may  be  controlled  automatically  by  means 
of  a  "voltage  regulator,"  which  is  usually  of  the  Tirrill 
Regulator  type.  Such  regulators  usually  act  to  keep  the 
voltage  sensibly  constant  at  the  generator  terminals  or  bus- 
bars. But  regulators  may  be  constructed  to  raise  the  terminal 
voltage  automatically  as  the  load  increases,  or  to  compound 
the  generator.  Compounding  is  sometimes  used,  sufficient 
to  compensate  the  voltage  drop  on  feeders  and  keep  the 
pressure  constant  at  some  point  distant  from  the  station. 

The  Tirrill  regulator  is  a  rather  complicated  device  involving  the 
interaction  of  solenoids,  differential  magnets,  levers  and  contacts, 
which  it  is  not  in  the  province  of  this  book  to  describe,  as  no  new 
principles  are  to  be  learned  thereby.  Station  operatives  and 
specialists  who  must  understand  the  operation  and  adjustment  of 
this  device,  should  procure  the  Bulletins  and  Instruction  Sheets 
which  the  General  Electric  Company  publishes  concerning  it.  The 
principle  of  operation  is  simple.  The  regulator  maintains  the 
desired  alternator  voltage  by  rapidly  opening  and  closing  a  shunt 
circuit  across  the  field-rheostat  of  the  exciter  (or  direct-current 
d3aiamo  which  supplies  the  field  current  for  the  alternator).  The 
exciter  field-rheostat  is  first  turned  in  imtil  the  exciter  voltage  is 
greatly  reduced  and  the  regulator  circuit  is  then  closed.  Whenever 
the  alternator  voltage  is  below  the  value  which  the  regulator  is 
adjusted  to  maintain,  the  vibrating  contacts  come  together  and 
short-circuit  the  field-rheostat  of  the  exciter.  The  voltage  of  the 
exciter  and  of  the  generator  immediately  rise.  When  it  has  reached 
the  predetermined  value,  the  regulator  contacts  are  automatically 
opened  and  the  field  current  of  the  exciter  must  again  pass  through 
the  rheostat.  The  resulting  reduction  in  voltage  is  checked  at  once 
by  the  closing  of  the  regulator  contacts,  which  continue  to  yibrate 
in  this  manner  (several  times  per  second)  and  keep  the  generator 
voltage  within  the  desired  limits. 

16.  Excitation  for  Alternators.  An  old  practice  of 
having  a  separate  exciter  for  each  alternator  has  been 
abandoned  in  plants  having  several  alternators.  The 
excitation  is  usually  furnished  by  two  or  more  flat-<3om- 
pounded  direct-current  generators,  rated  125  or  250  volts, 
each  connected  through  its  own  switching,  measuring  and  con- 
trolling equipment  to  a  set  of  exciter  bus-bars.    Shunt- 
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wound  exciters  are  preferable  where  Tirrill  regulators  are 
used,  also  where  storage  batteries  are  used.  All  alternators 
take  field  current  from  these  common  exciter  busses;  thus 
any  alternator  may  be  connected  to  any  .exciter.  The  ex- 
citer busses  usually  furnish  current  also  for  operating  the 
motors  used  to  open  and  close  oil-switches,  adjust  the 
governors  of  the  engines,  or  control  the  field  rheostats,  and 
sometimes  also  for  lighting  the  plant. 

To  insure  that  the  plant  shall  never  be  without  a  source  of 
direct  current  to  build  up  or  maintain  the  voltage  of  the 
alternators,  it  is  usual  to  keep  a  storage  battery  ready  to  be 
connected  to  the  exciter  busses.  It  is  then  possible  to  drive 
some  of  the  exciter  generators  by  means  of  induction  motors 
or  synchronous  motors  supplied  with  alternating  current  by 
the  main  generators.  If  there  is  no  storage  battery,  the 
exciters  are  driven  by  separate  steam  engines  or  waterwheels, 
elaborate  precautions  often  being  taken  to  avoid  the  possi- 
bility of  these  being  stalled.  However,  it  is  said  that  the 
cost  of  operating  a  motor-driven  exciter  is  about  one-half  the 
cost  of  operating  an  engine-driven  exciter. 

A  Tirrill  voltage  regulator,  by  adjusting  the  voltage  of  the 
exciter  bus,  raises  simultaneously  the  voltage  of  all  genera- 
tors which  are  operating  in  parallel,  and  thus  avoids  the 
troublesome  cross-currents  between  them  which  may  result 
when  their  excitations  are  adjusted  independently.  When 
several  exciters  operate  in  parallel  the  regulator  is  equipped 
with  extra  relays  and  "equalizer  rheostats,"  to  keep  them 
adjusted  to  each  other. 

16.  Load  Capacity  of  an  Alternator.  The  load  or  output 
of  a  direct-current  generator  is  measured  in  terms  of  power, 
and  is  expressed  in  watts  or  kilowatts.  The  watts  or  kilo- 
watts output  of  an  alternating-current  generator  increases 
in  direct  proportion  to  the  effective  voltage,  to  the  effective 
current,  and  to  the  power-factor.  We  cannot  increase  the 
armature  current  beyond  a  certain  value  without  exceeding 
a  safe  temperature  for  the  armature  insulation.    To  raise 
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the  voltage  we  must  increase  the  speedy  the  flux,  or  the 
number  of  inductors  or  turns  in  series  in  the  armature.  After 
the  machine  is  built,  the  speed  cannot  be  raised  because 
constant  frequency  is  required.  In  designing  the  alternator, 
the  maximum  speed  is  fixed  by  mechanical  limitations  (such 
as  stresses  due  to  centrifugal  force,  balancing  of  rotor, 
bearings,  and  lubrication),  or  by  the  fact  that  there  is  a  most 
economical  speed  for  the  prime  mover  which  cannot  be 
exceeded  without  prohibitive  sacrifice.  With  a  given  amoimt 
of  armature-copper  and  a  given  slot-space  to  put  it  in,  no 
advantage  is  gained  by  increasing  the  number  of  turns. 
Because  if  we  double  the  turns,  the  sectional  area  of  the 
conductor  cannot  be  more  than  half  as  great;  and  for  the 
same  maximum  PR  loss  as  before,  this  would  reduce  the  maxi- 
mum allowable  current  to  one-half  the  former  maximum, 
which  would  exactly  offset  the  double  voltage  and  leave  the 
capacity  unchanged.  The  flux  cannot  be  increased  in  a  given 
amount  of  iron  without  increasing  the  flux  density.  This 
causes  a  relatively  great  increase  of  core-losses,  and  is,  there- 
fore, limited  by  the  maximum  allowable  temperature. 
Moreover,  increase  of  flux  requires  large  increase  of  field 
current,  and  this  is  limited  by  heating  the  field  insulation. 

We  see,  therefore,  that  the  current  and  pressure  factors 
of  the  power  output  are  limited  in  the  alternator  itself,  by 
the  fact  that  they  cannot  exceed  fairly  definite  limits  without 
injuring  the  machine.  But  when  the  alternator  is  delivering 
its  maximum  amperes  and  maximum  volts,  the  real  power 
or  output  in  watts  may  have  any  value  from  the  maximum 
(product  volts  times  amperes  =  "volt-amperes")  at  100 
per  cent  power-factor,  to  nothing  at  zero  power-factor.  As 
the  power-factor  of  the  load  depends  altogether  upon  the 
external  circuit  and  not  at  all  upon  the  alternator,  it  is  not 
fair  to  the  alternator  to  rate  its  maximum  capacity  in  kilo- 
watts. It  is  always  rated,  therefore,  in  terms  of  volt-amperes 
or  kilovolt-amperes  (kv-a.) .  The  capacity  in  kilowatts  would 
be  the  same  as  the  capacity  in  kilovolt-amperes,  if  the  power- 
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factor  of  the  load  were  unity.  At  50  per  cent  power-factor, 
the  kilowatt  capacity  would  be  reduced  just  one-haJf,  whereas 
the  kilovolt-ampere  capacity  would  be  the  same  as  before. 
The  design  of  the  field  winding  should  be  sufficiently  liberal 
to  permit,  without  overheating,  a  field  current  which  can  over- 
come the  demagnetizing  effect  of  reactive  lagging  components 
of  armature  current  at  any  ordinary  power-factor,  and  main- 
tain rated  voltage  at  the  terminals. 

The  nature  of  the  duty  affects  the  capacity  of  an  alternator 
or  of  any  electrical  machine.  We  must  distinguish  between 
steady  load  and  fluctuating  or  intermittent  load.  It  is  com- 
mon practice  to  rate  alternators  according  to  the  kilovolt- 
amperes  that  they  can  deUver  constantly  for  an  indefinite  time 
without  overheating.  Ratings  for  intermittent  load,  which 
are  higher  than  the  continuous  rating,  are  usually  employed 
for  railway  and  crane  motors  and  the  like,  but  not  for  al- 
ternators. 

The  amount  of  kilovolt-ampere  capacity  of  alternators 
required  to  supply  a  given  load  will  depend,  therefore, 
somewhat  on  the  shape  of  the  load-curve  and  the  duration 
of  peak  loads.  It  depends  also  upon  the  power-factor  of  the 
load;  for,  in  order  to  supply  the  same  kilowatts  with  half  as 
great  power-factor,  it  requires  twice  as  many  amperes  at 
constant  voltage,  or  twice  as  many  kilovolt-amperes.  It  is, 
therefore,  profitable  to  select  and  adjust  the  apparatus  con- 
nected to  the  station,  in  such  a  way  as  to  make  the  power- 
factor  as  high  as  possible.  Induction  motors  should  not  be 
too  large  for  their  loads,  as  a  lightly  loaded  induction  motor 
has  a  low  power-factor.  A  good  proportion  of  the  motor  load 
should  be  in  efynchronous  motors  which  may  be  and  should  be 
adjusted  to  make  the  line  power-factor  very  high.  Service 
to  small  customers  should  be  grouped  as  much  as  possible 
on  larger  transformers,  avoiding  the  use  of  nimierous  small 
transformers.  By  making  the  power-factor  as  high  as  pos- 
sible, the  size  (kilovolt-ampere  capacity)  and  cost  of  genera- 
tors required  to  supply  a  given  amount  of  effective  power 
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is  kept  as  low  as  possible.  The  method  for  determining 
kilovolt-ampere  capacity  of  generator  required  to  carry  a 
combination  of  loads  is  explained  fully  in  Articles  38  and  45. 
It  is  necessary  and  sufficient  to  know  any  two  of  these  three 
factors,  for  each  load;  kilowatts,  kilovolt-amperes,  power- 
factor.  Whether  the  loads  are  connected  in  series,  in  parallel, 
or  in  series-parallel  grouping  makes  no  difference  in  the  total 
kilovolt-amperes,  although  it  may  affect  the  current  and 
e.m.f.  in  parts  of  the  circuit. 

Prob.  40-1.  What  size  alternator  would  be  required  to  supply 
loads  aggregating  800  kw.  steadily  at  80  per  cent  power-factor? 
What  would  be  the  input  in  horse-power  of  the  prime  mover  to 
drive  this  generator  at  this  load,  if  the  efficiency  of  the  latter  at 
this  load  is  94  per  cent? 

Prob.  41-1.  Show  that  where  the  load  on  an  alternator 
fluctuates  rapidly,  while  the  voltage  is  kept  constant,  the  rated 
kv-a.  capacity  should  be  approximately  equal  to  the  effective  or 
square-root-mean-square  value  of  the  kv-a.  load-curve. 

Prob.  42-1.  A  shop  having  its  own  generating  plant  of  500 
kv-a.  rated  capacity  uses  only  300  kw.,  at  81  per  cent  power-factor. 
Another  nearby  shop,  needing  more  power,  offers  to  purchase  100 
kw.  at  78  per  cent  power-factor.  Can  this  generating  plant  supply 
both  shops  together?  If  not  how  many  kv-a.  and  kw.  can  be  sold 
to  the  second  shop  at  78  per  cent  power-factor,  without  exceeding 
rated  full-load  of  the  plant? 

Prob.  43-1.  How  many  kilowatts  in  incandescent  lamps  may 
be  added  to  a  250  kv-a.  alternator  which  is  already  delivering  160 
kv-a.  to  induction  motors  at  75  per  cent  power-factor? 

Prob.  44-1.  Draw  a  curve,  with  power-factor  as  abscissas  and 
real  power  output  (kw.)  as  ordinates,  for  a  400  kv-a.  plant  operating 
at  its  full  rated  capacity. 

Prob.  45-1.  The  total  cost  of  a  400  kv-a.  plant  in  Massachu- 
setts, using  reciprocating  steam  engines,  and  including  all  auxiliaries 
and  incidentals  except  the  building,  averages  $84.00  per  kv-a. 
capacity.  Draw  a  curve  with  power-factor  as  abscissas  and  cost 
per  kilowatt  capacity  as  ordinates. 

17.  Short-circuits  on  Alternators.*  When  a  short  cir- 
cuit occurs  close  to  the  terminals  of  an  alternator  which  is 

*  Much  of  the  data  in  this  article  is  taken  from  General  Electric  Re^ 
vieWf  Feb.  1909,  and  Electric  Journal^  Nov.  1913. 
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operating  at  rated  volt^ige  and  speed,  the  armature  current 
instantly  rises  to  an  effective  value  of  from  10  to  50  times 
rated  full-load  current.  It  then  decreases  rapidly  (in  from 
0.2  to  2.0  seconds),  to  a  steady  value  of  from  1.5  to  3.0 
times  rated  full-load  current.  These  large  initial  surges  of 
current  produce  very  severe  mechanical  stresses  within 
the  windings,  tending  to  twist  them  out  of  shape  and  to 
damage  the  insulation.  The  forces  between  coils  or  parts  of 
the  winding  vary  as  the  square  of  the  current  flowing  in 
them,  therefore,  the  forces  acting  at  the  instant  of  short 
circuit  are  from  100  to  2500  times  as  great  as  those  acting 
at  rated  full-load. 

Obviously,  we  must  either  allow  a  tremendous  factor  of 
safety  in  the  mechanical  construction  of  the  alternator,  or 
adopt  means  to  limit  the  amount  of  current  that  may  flow 
through  a  short-circuit.  In  practice,  both  methods  are  used. 
That  is: 

(1)  The  windings  are  braced  securely  by  clamps,  par- 
ticularly at  the  ends  of  the  coils  where  they  are  not 
supported  by  the  slots.  Fig.  46  shows  the  end- 
windings  of  a  turbo-alternator  so  braced. 

(2)  Reactance  coils  are  connected  in  series  with  the  gen- 
erator leads  which  go  to  the  switchboard.  Fig.  170, 
'*  First  Course,'*  shows  a  reactance  coil  used  for  this 
purpose.  They  usually  have  cores  of  concrete  and 
air;  iron  cores  would  increase  the  power  loss  in  the 
coil  (by  hysteresis  and  eddy  currents),  and  the  flux 
would  not  increase  any  more  than  with  air  core  when 
the  current  increases  on  short  circuit  to  values  which 
would  oversaturate  the  iron  unless  a  great  quantity 
of  it  were  used.  These  coils  are  usually  placed  as 
close  as  possible  to  the  generator. 

(3)  Large  generators  are  designed  purposely  to  have  a 
bad  voltage  regulation,  so  that  the  excessive  currents 
on  short-circuit  shall  limit  themselves  by  cutting  down 
the  voltage. 


60  ALTERS ATINO-CURRBNT  ELECTRICITY 

The  first  rush  of  current  on  short  circuit  is  very  great  in 
relation  to  the  final  short-circuit  current,  because  the  arma- 
ture reaction  is  slow  to  take  effect.  During  the  first  few 
cycles  after  short  circuit,  the  current  is  opposed  only  by  the 
resistance  and  real  or  inherent  reactance  of  the  armature  (the 
counter  e.m.f .  induced  in  the  armature  conductors  by  the  local 


Fig.  46.    Armature  with  end-bells  removed  Bhowing  method  of  bracing 

the  ends  of  coils.     Weadnghoune  Eleel.  &•  Mfg.  Co. 

flux  due  to  the  current  they  carry).  However,  as  the  resist- 
ance is  small  in  comparison  with  the  reactance,  the  short-cir- 
cuit current  laj^s  almost  90°  behind  the  induced  e.m.f.  and  the 
armature  ampere-turns  strongly  oppose  the  passf^e  through 
the  armature  core  of  flux  due  to  the  main  field  winding.  In 
the  course  of  a  short  f  iine,  but  not  instantaneously,  the  useful 
flux  is  greatly  reducetl  by  this  demagnetizing  action  —  often 
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to  only  a  few  per  cent  of  its  normal  or  full-load  value.  While 
the  flux  in  the  field  cores  is  being  reduced,  an  e.m.f .  is  induced 
in  the  field  coils,  acting  in  a  direction  to  maintain  the  flux  — 
that  is,  in  the  same  direction  as  the  normal  field  current. 
The  transient  increase  of  field  current  so  produced  while 
armature  reaction  is  taking  effect,  is  frequently  enough  to 
open  the  circuit  breakers  in  the  field  circuit,  which  helps  to 
relieve  the  short-circuit. 

The  resistance  of  the  armature  is  kept  low  in  order  that 
the  efficiency  may  be  high.  A  common  value  is  1  per  cent, 
which  means  that  the  IR  voltage  consumed  in  overcoming 
resistance,  at  rated  full-load  current,  is  equal  to  1  per  cent 
of  the  terminal  voltage  at  full-load.  Consequently,  the  value 
and  damaging  effects  of  the  first  rush  of  current  must  be 
limited  by  increasing  the  inductance  or  reactance  of  the 
armature  winding.    The  reactance  is  proportional  to: 

(o)   The  frequency,  directly.     (If  frequency  is  doubled, 
armature  reactance  is  doubled.) 

(6)   The  square  of  the  number  of  conductors  per  slot  on 
the  armature. 

(c)  A  factor  which  depends  upon  the  shape  and  number 
of  the  slots,  and  their  arrangement. 
Generators  of  the  largest  sizes  (in  which  short-circuit  currents 
are  enormously  powerful  and  dangerous)  are  usually  driven 
by  steam  turbines,  which  must  be  of  relatively  high  speed 
in  order  to  be  economical.  Although  the  frequency  is  the 
same  as  in  slow-speed  engine-driven  alternators,  the  number 
of  slots  is  less,  and  the  reactance  much  less.  In  an  engine- 
driven  alternator  the  reactance  might  be  10  per  cent  (i.e., 
reactance  voltage  equal  to  10  per  cent  of  terminal  voltage, 
when  rated  full-load  current  flows).  In  a  turbo-alternator 
for  the  same  rated  output  the  reactance  voltage  might  be 
only  one-quarter  as  large,  or  2.5  per  cent.  If  we  neglect  the 
(very  slight)  effect  of  resistance  in  determining  the  short- 
circuit  current,  we  see  that  the  current  in  this  slow-speed 
engine-driven  alternator  will  surge  up  to  10  times  normal 
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full-load  current  at  the  moment  of  short-circuit  (until  the 
reactance  volts  equals  the  generated  volts),  whereas  the 
current  in  the  turbo-alternator  will  surge  up  to  40  times 

rated  current  =  (^^  P^*^  '^"^  ""^  generated  voltageN 

\  2.5  per  cent  of  generated  voltage/ 

ever,  as  soon  as  these  excessive  currents  commence  to  grow, 
the  generated  voltage  commences  to  be  reduced  by  the 
armature  reaction,  and  the  short-circuit  current  soon 
settles  down  to  a  value  which  depends  upon  the  syn- 
chronous impedance,  or  upon  the  voltage  regulation  of  the 
alternator. 

Current-limiting  reactances  are  usually  designed  to  have 
a  reactance  of  from  3  to  6  per  cent  (which  means  a  voltage 
drop  across  them  of  from  3  to  6  per  cent  of  terminal  voltage 
when  full-load  current  flows).  They  do  not  have  much  effect 
upon  the  voltage  regulation  of  the  generating  unit,  because 
the  regulation  depends  principally  upon  the  armature  reac- 
tion or  upon  the  synchronous  impedance,  which  is  large 
compared  with  these  values  of  reactance. 

The  short  circuit  is  relieved  by  an  oil-switch,  or  circuit- 
breaker,  having  the  contacts  immersed  in  oil.  This  breaker 
opened  automatically  by  the  action  of  a  relay  which  is  con- 
nected in  the  leads  between  generator  and  switchboard.  If 
the  relay  is  set  to  trip  quickly  during  the  first  surge  of  current, 
great  forces  are  generated  at  the  switch  break,  often  wrecking 
it.  If  the  relay  is  set  to  delay  action,  perhaps  until  after  the 
current  has  fallen,  large  forces  are  exerted  upon  the  armature 
windings  and  connecting  cables,  distorting  them  and  often 
tearing  them  from  their  fastenings.  The  action  of  switches 
and  relays  will  be  taken  up  later. 

Example  7.  What  is  the  impedance  (in  per  cent)  of  the  armature 
of  an  alternator  which  has  6  per  cent  reactance  and  2  per  cent 
resistance?  

Impedance  =  Vx^  +  R^ 

=  V^ 

^  6.32  per  cent. 
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Prob.  46-1.  (a)  What  would  be  the  inherent  impedance  in  per 
cent,  for  an  alternator  having  10  per  cent  reactance  and  1  per  cent 
resistance? 

(6)  For  an  alternator  having  2.5  per  cent  reactance  and  1 
per  cent  resistance? 

Prob.  47-1.  (a)  What  would  be  the  power-factor  and  angle  of 
phase  difference  between  the  induced  e.m.f.  and  the  current  that 
flows  inuncdiately  after  a  short  circuit  on  the  alternator  specified 
in  part  (a)  of  Problem  467I? 

(6)  Of  the  alternator  specified  in  part  (6)  of  Problem  46-1? 

Prob.  48-1.  (a)  What  per  cent  of  rated  full-load  current  would 
flow  immediately  after  short  circuit,  in  the  alternator  of  part  (a) 
Problem  46-1? 

(6)  In  the  alternator  of  part  (6)  Problem  46-1?  Calculate  this 
current  from  the  per  cent  of  impedance,  and  compare  with  the  re- 
sults calculated  above  in  the  text  when  considering  only  the  re- 
actance. 

Prob.  49-1.  From  the  power-factor  and  the  per  cent  of  rated 
current  on  short  circuit,  calculate  the  increase  of  torque  resisting 
rotation  of  the  alternators  of  Problem  46-1  (a)  and  (6)  at  the  mo- 
ment of  short  circuit,  in  per  cent  of  torque  due  to  non-inductive 
full-load  on  the  alternator.  Note  that  the  speed  remains  sensibly 
constant. 


SUMMARY   OF   CHAPTER  I 

LOADING  A  GENERATOR: 

(a)  CAUSES  PARTS  OF  IT  TO  HEAT  UP.  The  temperature 
rise  limits  the  load  which  may  be  applied. 

(b)  CHANGES  THE  EFFICIENCY,  first  raising  it,  then  lower- 
ing it  as  the  load  is  greatly  increased.  Extra  high 
efficiency  is  usually  expensive  unless  the  cost  of  energy 
is  high  and  the  supply  limited. 

(c)  LOWERS   THE   TERMINAL   VOLTAGE    because   part   of 

the  e.m.f.  generated  is  used  to  overcome  the  armature 
resistance  and  armature  reactance  and  because  of  arma- 
ture reaction. 

ARMATURE  REACTION  due  to  the  current  flowing  in  the 
armature  coils  of  a  generator: 

(a)  DISTORTS  THE  FLUX  distribution  of  the  poles  by 
crowding  the  magnetic  lines  to  the  trailing  pole  tip. 

(b)  EITHER   WEAKENS   OR   STRENGTHENS  the   poles.      It 

may  do  both  in  a  single-phase  machine,  alternating  at 
a  frequency  double  that  of  the  e.m.f. 

THE  SYNCHRONOUS  IMPEDANCE  of  a  generator  is  a 
term  used  to  denote  the  combined  effect  of  armature  reactance 
and  resistance  and  armature  reaction  upon  the  terminal  volt- 
age of  a  generator.    It  equals 

open-circuit  volts,  per  phase 
short-circuit  amperes,  per  phase 

both  values  corresponding  to  the  same  field  excitation  and  speed. 

THE  VOLTAGE  REGULATION  of  a  generator  may  be  cal- 
culated approximately  by  the  Synchronous  Impedance  Method. 
This  consists  of  combining  vectorially  the  terminal  voltage  at 
full-load  with  the  reactance  drop  and  the  resistance  drop  of  the 
armature  at  given  power-factor.  The  result  is  approximately  the 
terminal  voltage  at  no-load.    Then: 

-^      -  ^.      ,             V     (no-load volts)  — (full-load volts),,       ^ 
Regulation  (per  cent) (fall-load  volts) ><  ^~^''- 
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This  method  of  calculation  gives  a  slightly  higher  or  poorer 
regulation  than  is  obtained  by  actually  loading  the  alternator* 

THE  A.I.E.E.  METHOD  of  calculating  the  regulation  con- 
sists of  finding  graphicaUy  the  no-load  voltage  for  a  field  excita- 
tion which  will  produce  the  required  terminal  voltage  under 
full-load  at  given  power-factor.  The  saturation  curves  at 
no-load  and  full-load  (current)  at  zero  power-factor  are  used 
in  this  method.  The  results  thus  obtained  are  very  close  to  the 
values  measured  on  tests. 

THE  THUOLL  REGULATOR  automatically  regulates  the 
terminal  voltage  of  a-c.  generators  by  rapidly  varying  the  field 
strength  to  make  the  required  increase  and  decrease  of  the 
voltage.  Good  inherent  regulation  is  undesirable  in  large 
machines  because  the  low  armature  impedance  required  would 
not  suficientiy  limit  the  value  of  currents  through  the  machine 
whenever  it  may  be  short-circuited. 

THE  ALTERNATOR  FIELD  COH/S  are  excited  from  bus- 
bars fed  by  direct-current  generators.  Storage  batteries  are 
generally  employed  as  a  reserve  in  case  of  failure  of  the  d-c. 
generators. 

THE  POWER  CAPACITY  of  an  alternator  depends  upon 
the  current  it  must  deliver  to  supply  the  power.  To  keep  this 
current  as  low  as  possible  for  a  given  amotmt  of  power,  the 
power-factor  should  be  high. 

LARGE  SHORT-CmCUIT  CURRENTS  exert  tremendous 
mechanical  forces  upon  the  parts  of  an  alternator.  Therefore, 
the  construction  of  all  parts  is  rugged,  and  the  impedance  of 
the  armature  is  high  to  prevent  too  large  currents.  Separate 
current-limiting  reactances  are  also  often  connected  between 
terminals  and  lines. 


PROBLEMS   ON   CHAPTER  I 

Prob.  60-1.  A  certain  alternator  operates  steadily  at  rated 
full-load  with  the  temperature  of  its  armature  constant,  and  45®  C. 
above  the  room  temperature,  which  is  20°  C. 

(o)  To  what  temperature  will  the  armature  rise  when  the  room 
temperature  increases  to  40°  C,  and  load  remains  constant? 

(6)  If  the  actual  temperature  of  the  armature  must  not  be  allowed 
to  be  above  75°  C,  by  what  percentage  must  the  current  output  be 
reduced  below  rated  value  to  avoid  overheating?  Assume  that 
half  of  the  full-load  losses  are  constant,  the  other  half  are  variable 
and  proportional  to  the  square  of  the  load  or  current  output.  The 
excess  of  machine-temperature  over  room  temperature  is  directly 
proportional  to  the  total  losses. 

Prob.  61-1.  An  alternator  delivers  100  kw.  for  8  hours  per 
day,  at  93  per  cent  efficiency;  then  150  kw.  for  4  hours  at  90  per 
cent  efficiency;  then  50  kw.  for  12  hoxirs  at  89  per  cent  efficiency. 
Calculate  the  all-day  efficiency. 

Prob.  62-1.  The  alternator  of  Problem  51-1  is  used  for  12- 
hour  service  instead  of  24-hour  service;  that  is,  it  operates  as  stated 
during  the  8-hour  and  the  4-hour  periods,  but  is  shut  down  com- 
pletely during  the  remaining  12  hours.  What  is  the  all-day  effi- 
ciency under  these  conditions? 

Prob.  63-1.  An  alternator,  operating  at  70  per  cent  power- 
factor,  receives  250  horse-power  from  the  engine  and  delivers  250 
kv-a.  from  its  terminals.    What  is  its  efficiency? 

Prob.  64-1.  What  would  be  the  efficiency  of  Alternator  No.  13, 
page  18,  when  delivering  the  same  (rated  full-load)  kv-a.  as  in 
Table  II,  but  at  80  per  cent  power-factor  instead  of  100  per  cent? 
Assume  the  armature  copper-loss  to  be  two-thirds  of  the  total 
copper-loss  at  full-load  in  Table  II.  Assume  also  that  the  full-load 
field  current  must  be  10  per  cent  higher  at  80  per  cent  power-factor 
than  at  100  per  cent  power-factor,  to  keep  the  same  terminal  voltage. 

Prob.  66-1.  How  many  more  dollars  per  kv-a.  of  capacity 
could  you  afford  to  pay  for  Alternator  No.  I  than  for  Alternator 
No.  2  in  Table  II,  page  18  ?    Assume  the  machines  to  operate  at 
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full-load  unity  power-factor  for  12  hours  every  day.  Energy  is 
worth  one  cent  per  kw-hour.  Capital  invested  in  the  machinery 
must  earn  at  least  12  per  cent  to  pay  ^^ fixed  charges"  in  this  plant. 

Prob.  56-1.  The  saturation  curve  (between  field  current  and 
open-circuit  voltage)  of  a  given  alternator  is  a  straight  fine  from 
zero  volts  up  to  about  50  per  cent  above  rated  voltage.  If  the 
voltage  regulation  of  this  alternator  imder  given  conditions  is  20 
per  cent,  by  what  percentage  of  its  full-load  vahie  must  the  field 
current  be  increased  or  diminished  when  the  load  is  removed,  in 
order  that  the  voltage  shall  not  change?  By  what  percentage  will 
the  PR  loss  in  the  field  windings  at  zero-load  be  greater  or  less  than 
at  rated  full-load? 

Prob.  57-1.  The  curve  between  current  output  and  terminal 
voltage  of  a  given  alternator  is  a  straight  Une.  The  voltage  regu- 
lation at  unity  power-factor  is  10  per  cent.  What  is  the  maximum 
sudden  variation  of  load  (expressed  in  per  cent  of  rated  load)  that 
may  occur  without  changing  the  terminal  voltage  more  than  2  per 
cent  of  its  previous  value: 

(a)  when  operating  at  full-load; 

(b)  when  operating  at  half-load? 

Prob.  5S-1.  If  the  load  on  the  alternator  in  Problem  67-1 
fluctuates  suddenly  over  a  range  of  26  per  cent  of  rated  load,  what 
should  be  the  per  cent  voltage  regulation  in  order  that  the  terminal 
voltage  shall  not  change  more  than  2  per  cent  of  rated  full-load 
voltage? 

Prob.  59-1.  If  the  saturation  curve  (between  field  current  and 
open-circuit  volts)  for  the  alternator  of  Problem  18-1  were  practi- 
cally a  straight  line  from  zero  volts  to  60  per  cent  above  rated 
voltage,  calculate  the  percentage  by  which  the  field  current  must  be 
increased  above  its  rated-load  value,  in  order  to  maintain  rated 
terminal  voltage  with  26  per  cent  overload,  at  unity  power-factor. 

Prob.  60-1.  Solve  Problem  59-1  on  the  basis  of  a  load  having 
80  per  cent  lagging  power-factor. 

Prob.  61-1.  By  what  percentage  is  the  PR  loss  and  rate  of 
heating  in  the  field  greater  than  at  rated  full-load,  in  Problems 
60-1  and  61-1? 

Prob.  62-1.  Draw  a  vector  diagram  illustrating  a  phase  rela- 
tion between  current  and  terminal  pressure  which  would  make  the 
voltage  regulation  zero,  or  zero-load  voltage  same  as  full-load 
voltage,  for  the  generator  of  Prob.  18^1. 

Calculate  the  power-factor  of  the  load,  for  this  case. 
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Prob.  63-1.    In  Problem  18-1,  calculate: 
(a)  the  power-factor  of  the  entire  circuit  including  the  arma- 
ture; 

(6)  the  total  power  in  the  entire  circuit; 

(c)  the  total  PR  watts  lost  in  the  armature; 

(d)  the  total  power  generated  minus  total  PR  loss.  Check  this 
last  result  against  the  power  output  as  calculated  from  terminal 
volts  and  amperes,  and  load  power-factor.  Does  the  armature 
reactance  represent  any  loss  of  power,  or  only  loss  of  pressure? 

Prob.  64-1.  Repeat  the  calculations  of  Problem  63-1,  with  the 
same  alternator  operating  as  specified  in  Problem  62-1. 

Prob.  6&-1.  Solve  Problems  28-1  and  29-1  with  respect  to  a 
two-phase  alternator. 

Prob.  66-1.  The  alternator  specified  in  Problem  28-1  has  a 
power-factor  of  80  per  cent  for  the  entire  circuit  including  the  arma- 
ture winding.  Calculate  the  values  of  cross-magnetizing  and  de- 
magnetizing ampere-turns,  on  the  basis  of  Fig.  38.  Show  that 
the  number  of  demagnetizing  ampere-turns  is  directly  proportional 
to  the  component  of  /  which  lags  90°  behind  Ei, 

• 

Prob.  67-1.  Assume  that  the  induced  e.mi.  is  reduced  by  the 
demagnetizing  effect  of  armature  current,  by  an  amount  directly 
proportional  to  the  component  of  /  which  is  90°  behind  the  induced 
voltage,  and  that  this  amount  is  40  per  cent  at  zero  power-factor 
with  rated  full-load  current.  Calculate  the  per  cent  voltage 
regulation,  when  the  alternator  of  Problem  18-1  delivers  full-load 
current  lagging  30°  behind  the  induced  e.m.f.  Ei, 

Prob.  68-1.  By  the  s3mchronous  impedance  method,  calculate 
the  terminal  voltage  of  the  alternator  specified  in  Problem  31-1, 
when  deUvering  current  of  rated  full-load  value  at  zero  power-factor, 
the  field  excitation  being  such  as  would  deliver  rated  full-load 
terminal  volts  on  open  circuit. 

Prob.  69-1.  By  the  synchronous  impedance  method,  calculate 
the  open-circuit  volts  of  the  alternator  specified  in  Problem  31-1, 
corresponding  to  the  field  excitation  which  will  produce  rated  full- 
load  voltage  at  terminals  when  delivering  full-load  amperes  at  zero 
power-factor. 

Prob.   70-1.     An   ordinary  turbo-alternator   has   a  final    or 

"sustained''  short-circuit  current  about  2.5  times  rated  full-load 

current  when  short-circuited  under  full-load  excitation.  The  re- 
sistance drop  is  1  per  cent.    Calculate: 
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(a)  synchronous  impedance  (e.m.f.),  and 
(6)  the  synchronous  reactance  (e.m.f.)i  each  as  percentage  of  the 
tenninal  e.m.f .  at  rated  load. 

Prob.  71-1.  The  voltage  regulation  of  the  turbo-alternator  of 
Problem  70-1  on  non-inductive  load  is  found  to  be  approximately 
8  per  cent,  (a)  Calculate  by  the  synchronous  impedaiice  method 
(Art.  12)  its  voltage  regulation  from  the  per  cent  of  resistance  drop 
and  of  synchronous  reactance  drop  as  calculated  in  Problem  70-1. 
Compare  with  the  measm^  value  of  8  per  cent.  (6)  Calculate 
synchronous  reactance  from  measured  regulation  of  8  per  cent,  IR 
bemg  1  per  cent  as  in  Problem  70. 

Prob.  72-1.  Calculate  the  inherent  reactance  in  per  cent,  if  the 
current  that  flows  immediately  after  short-circuit  is  ten  times  rated 
full-4oad  current  of  the  alternator  of  Problem  70. 

Prob.  78-1.  Draw  a  vector  diagram  representing  values  and 
phase  relations  of  current,  terminal  e.m.f.,  resistance  e.m.f.,  re- 
actance e.m.f.,  and  generated  e.m.f.,  at  non-inductive  rated  full- 
load,  for  the  alternator  of  Problem  71-1.  All  voltages  are  to  be 
expressed  in  per  cent  of  rated  voltage.    Calculate: 

(a)  The  angle  of  phase  difference  between  terminal  e.m.f.  and 
generated  e.m.f. 

(6)  The  component  of  armature  current  lagging  90°  behind 
generated  e.m.f.,  as  a  percentage  of  rated  full-load  current. 

Prob.  74-1.  Draw  a  vector  diagram  similar  to  that  of  Problem 
73-1,  but  representing  conditions  on  short  circuit.    Calculate: 

(a)  Angle  of  phase  difference  between  current  and  generated 
e.m.f. 

(6)  Component  of  armature  current  lagging  QO''  behind  generated 
e.m.f.,  as  a  percentage  of  rated  full-load  current. 

Note  that  short-circuit  current  is  2.5  times  full-load  current,  and 
the  terminal  e.m.f .  is  zero. 

Prob.  75-1.  Assume  that  the  weakening  of  useful  flux  due  to 
armature  reaction  is  directly  proportional  to  the  component  of 
armature  current  which  lags  90**  behind  the  generated  e.m.f.* 
(a)  From  the  diagrams  and  results  of  Problems  73-1  and  74-1, 
calculate  how  many  times  greater  this  weakening  should  be  on 
shortrcircuit  than  on  non-inductive  load.  (6)  How  many  times 
greater  is  the  synchronous  reactance  (as  calculated  from  short- 
circuit  data)  than  the  reactance  as  calculated  from  8  per  cent  regu- 
lation and  1  per  cent  resistance  drop  on  non-inductive  full-load 
(when  armature  demagnetizing  effect  is  relatively  small)? 

*  See  pages  36  (top)  and  39  (middle). 
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Prob.  76-1.  Actual  short-circuit  measurements  by  oscillo- 
graph on  nine  alternators,  ranging  in  size  from  500  kv-a.  to  19,000 
kv-a.  rated  capacity  (see  Electric  Journal,  Nov.,  1913),  showed  the 
current  immediately  after  short-circuit  to  be  between  10  and  26 
times  rated  full-load  current.  What  were  the  limiting  values  of 
inherent  reactance  in  this  collection  of  generators,  assuming  the 
resistance  drop  at  full-load  to  be  1  per  cent  of  rated  voltage? 

Prob.  77-1.  The  alternator  of  Problems  70-1  and  72-1  is 
operated  at  }  j  of  the  former  speed,  keeping  the  same  field  excita- 
tion, (a)  By  what  percentage  would  the  inherent  reactance  and 
inherent  impedance  be  increased  over  their  respective  former 
values?  (6)  By  what  per  cent  would  the  synchronous  reactance 
and  synchronous  impedance  be  increased  over  their  former  values? 

Prob.  78-1.  (a)  By  what  per  cent  would  the  initial  (effective) 
value  of  short-circuit  amperes  be  altered  by  the  change  in  speed 
specified  in  Problem  77-1? 

(6)  By  what  per  cent  would  the  final  value  of  short-circuit 
current  be  decreased? 

Prob.  79-1.  By  the  synchronous  impedance  method,  calculate 
the  per  cent  voltage  regulation  on  non-inductive  load  for  the  gen- 
erator specified  in  Problem  70-1  after  making  the  alteration  speci- 
fied in  Problem  77-1. 

Prob.  80-1.  An  external  reactance  having  a  drop  equal  to  5 
per  cent  of  terminal  voltage  at  rated  full-load  is  connected  in 
the  leads  to  switchboard  from  the  generator  specified  in  Problem 
72-1.  The  resistance  of  this  current-limiting  reactance  is  entirely 
negligible.    Calculate: 

(a)  Total  true  reactance  and  total  impedance  of  annature  and 
coil  together,  in  per  cent  of  rated  voltage  of  alternator. 

(6)  Current  flowing  through  armature  and  coil  immediately  after 
short  circuit.    Compare  results  of  Problem  72-1. 

Prob.  81-1.  Calculate  the  voltage  regulation  of  the  alternator 
combined  with  its  reactance  as  specified  in  Problem  80-1,  on 
rated  full-load  non-inductive.  Use  the  synchronous  impedance 
method  of  calculation.    Draw  complete  vector  diagram  to  illustrate. 

Prob.  82-1.  By  what  percentage  is  the  initial  current  on 
short  circuit  reduced,  by  connecting  a  5  per  cent  current-limiting 
reactance  in  series  with  the  leads  from  an  alternator  having  10  per 
cent  inherent  reactance? 

Prob.  83-1.  The  inherent  reactance  of  a  25-cycle  turbo- 
alternator  is  5  per  cent.    What  would  be  the  per  cent  reactance  of 
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this  same  alternator  when  operated  at  a  frequency  of  60  cycleS; 
same  voltage? 

Prob.  84-1.  For  some  purposes  current-limiting  reactances 
placed  in  each  feeder  going  out  from  the  bus-bars  is  considered 
preferable  to  reactances  placed  in  the  generator  leads  going  to  the 
bus-bars.  The  author  of  a  paper  in  Proc.  A.I.E.E.,  Feb.  1914, 
makes  the  statement  that  5000  kv-a.  at  0.8  power-factor  flowing 
over  a  reactance  of  3  per  cent  in  a  feeder  gives  a  voltage  drop  of 
approximately  1.9  per  cent.  Draw  a  vector  diagram  to  illustrate 
the  conditions,  and  verify  this  result  by  calculation. 

Prob.  86-1.  In  discussion  of  the  paper  referred  to  in  Problem 
S4-1,  an  engineer  states  that  his  calculations  showed,  with  three- 
conductor  No.  000  feeder  subject  to  short  circuit  of  60,000  amperes, 
that  the  repulsive  force  between  conductors  per  running  foot  was 
approximately  one  ton.  On  this  basis,  calculate  the  value  of  the 
repulsive  force  acting  between  the  same  conductors  when  carrying 
normal  full-load  current  from  a  three-phase  alternator  rated  30,000 
kv-a.  at  11,000  volts. 

Prob.  86-1.  Oscillograph  records  show  that  an  oil-switch  in 
average  operation  cannot  be  depended  upon  to  open  a  short  circuit 
in  a  shorter  period  of  time  than  12  cycles  on  a  25-cycle  system.  If 
the  short  circuit  is  60,000  amperes,  how  many  gram-calories  of  heat 
energy  will  be  generated  in  one  foot  length  of  No.  000  B.  &  S.  gauge 
copper  feeder  before  the  circuit  breaker  opens?  How  many  degrees 
Centigrade  temperature  rise  will  this  heat  produce  in  the  conductor? 
Assume  that  no  heat  is  lost  during  this  short  time;  the  specific  heat 
of  copper  is  0.09846. 

Prob.  87-1.  durent-limiting  reactances  are  rated  in  terms 
of  kv-a.,  the  product  of  current  through  them  and  kilovolts  drop 
across  them. 

(a)  What  would  be  the  rating  in  kv-a.  of  one  unit  of  a  three- 
phase  5-per  cent  reactance  set  for  a  25,000  kv-a.  generator  ? 

(6)  Show  that  the  kv-a.  of  a  reactance  varies  as  the  square  of  the 
current  through  it. 


♦^ 


CHAPTER  II 
ALTERNATORS  IN   PARALLEL 

It  is  more  economical  to  produce  electric  power  in  large 
power  plants  than  in  small  plants  (for  explanation,  see 
Chapter  I).  Also,  large  generators,  and  engines  or  turbines, 
are  more  efficient  and  economical  than  smaller  ones.  There 
are  numerous  central  stations  with  an  aggregate  rated 
capacity  over  100,000  kv-a.,  and  there  are  numerous  turbo- 
alternators  as  large  as  25,000  kv-a.  rated  capacity.  It 
requires  several  generators  (even  of  the  largest  size  that 
can  be  built),  therefore,  to  carry  the  load  of  one  of  the 
larger  stations.  Even  in  a  smaller  station,  the  total  re- 
quired capacity  is  divided  into  several  units,  so  that  only 
enough  capacity  need  be  in  operation  at  any  hour  of  the 
day  to  be  nearly  fully  loaded  by  the  power  demand  at 
that  hour.  This  results  in  a  higher  efficiency  than  would 
be  obtained  with  fewer  and  larger  units  operating  under- 
loaded during  the  hours  between  the  peak  loads. 

Each  generator  in  the  power  plant  delivers  its  output 
(through  a  set  of  devices  for  controlling  and  measuring  the 
load  of  the  generator  and  protecting  the  system  from  trouble) 
to  a  set  of  common  conductors  called  bus-bars.  Each  of  the 
feeders,  which  transmit  the  power  to  the  centers  of  distri- 
bution or  substations  from  which  it  is  retailed,  is  connected 
to  these  bus-bars  through  the  necessary  switches,  regulators 
and  meters  for  controlling  and  measuring  the  output  of  the 
station  and  protecting  the  feeders  from  damage  in  case  of 
short-circuits  on  them.  The  system  of  connections  for  a 
complete  plant  having  several  generators  and  feeders  and 
with  all  their  auxiliary  equipment  is  too  complicated  to  be 
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introduced  here.    We  shall  discuss  only  the  alternating- 
>eurrent  features  of  the  interaction  between  the  generators, 
using  for  illustration  a  very  much  simplified  diagram  of 
connections. 

18.  Alternators  in  Parallel.  Practically  all  American  cen- 
tral stations  are  committed  to  the  parallel  system  of  dis- 
tribution at  constant  voltage.  In  order  to  keep  a  constant 
voltage  while  a  varjdng  number  of  generators  supply  the 
power,  it  is  necessary  to  connect  them  in  parallel  with  one 
another.  When  so  connected,  the  terminal  voltage  of  all 
generators  must  be  the  same  (equal  to  the  voltage  between 
the  common  bus-bars),  and  the  total  current  delivered 
through  the  bus-bars  to  the  load  should  be  equal  to  the 
(arithmetical)  sum  of  cmrents  delivered  by  the  armatures 
of  the  several  generators.  However,  incorrect  adjustments 
may  cause  to  circulate  between  the  armatures  local  currents, 
whioh  never  reach  the  external  circuit  and  therefore  con- 
tribute nothing  to  the  useful  output  of  the  station,  although 
they  increase  the  heating  of  the  armatures  and  correspond- 
ingly reduce  the  amount  of  useful  current  which  the  alter- 
nators can  deliver. 

We  must,  therefore,  understand  clearly  the  following 
factors  of  satisfactory  parallel  operation  of  alternators: 

(1)  How  to  connect  the  alternator  properly  to  the  system, 
or  "cut  it  in'*  as  operators  often  say.  Also,  how  to  take  it 
out  of  service  properly. 

(2)  How  to  transfer  load  from  one  alternator  to  another 
in  parallel. 

(3)  How  to  adjust  for  minimum  armature  current  and 
heating,  in  each  alternator,  while  carrying  a  given  load;  or, 
bow  to  get  maximum  kilowatt  capacity  and  efficiency  in 
the  alternators  which  are  operating. 

19.  Similarities  in  Direct-current  Parallel  Operation. 
Before  we  may  properly  connect  two  batteries  in  parallel 
(as  G\  and  G%  in  Fig.  47),  we  must  know  that  their  voltages 
aje  nearly  equal.    Then  we  connect  the  positive  poles  to- 
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gether  to  one  line  wire  Bi,  and  the  negative  poles  together  to 
the  other  line  wire  B2.  The  current  taken  by  any  load  R 
connected  between  Bi  and  B2  will  be  shared  equally  by  Gi 

and  G2,  if  the  internal  or  generated 

Bi    voltages  of  the  two  batteries  are 

•^     -^        1         equal  and  their  internal  resistances 
GfE-  —=::-Gi  >R       are  also  equal.    This  is  necessary  in 
-    T       s         order   that   the   terminal   voltages 
'  may  be  equal,   which  is  essential 


Fig.  47.  The  e.m.f.'s  and  ^o^  »  P^^^^^  combination.  If  the 
the  internal  resistances  of  open-circuit  voltage  of  Gi  is  larger 
thetwobatteriesGiandGs  than  that  of  Gi  but  the  internal 
must  be  equal  if  they  are  resistances  are  equal,  then  when 
to  deUver  equal  currents  ^^  ^^^  connected  in  parallel,  G2 
when  connected  m  par-      .n     ,  1.  1  . 

^Y^^  Will   deliver  enough   more  current 

than  Gi  to  make  its  terminal  volt- 
age equal  to  that  of  61  by  reason  of  the  greater  internal  rl 
drop. 

If  now  the  external  resistance  is  decreased  so  as  to  take 
30  amperes  more,  the  batteries  will  divide  this  increase 
equally  between  them  as  long  as  tKe  internal  resistances  are 
equal.  The  terminal  voltages  were  equal  before  the  change, 
and  must  be  so  after  the  change,  hence  the  increase  of  rl  drop 
must  be  the  same  in  both  batteries;  and  since  the  resistances 
are  equal,  the  increases  of  current  must  also  be  equal.  But 
if  the  internal  resistance  of  G2  is  twice  as  great  as  that  of 
Gi,  the  increase  of  current  in  G2  will  be  only  one-half  as  great 
as  the  increase  in  Gi;  that  is,  G2  will  increase  10  amperes  and 
Gi  will  increase  20  amperes.  The  same  reasoning  wiU  show 
that  the  terminal  voltages  of  Gi  and  G2  cannot  be  equal 
unless  this  is  so;  the  currents  will  continue  to  change,  and 
we  shall  not  have  equilibrium,  until  the  terminal  voltages 
are  equal. 

Thus  we  see  that  the  automatic  sharing  of  changes  of  load 
depends  upon  the  relation  of  internal  resistances,  whereas 
the  initial  distribution  of  the  load  is  controlled  by  the  relation 
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between  the  generated  or  open-circuit  voltages.  If  these 
voltages  were  exactly  equal,  no  current  would  flow  in  either 
machine  when  the  external  circuit  R  is  opened;  both  bat- 
teries reach  zero-load  at  the  same  time.  But  if  the  voltage 
of  O2  is  larger  than  that  of  Oi,  then  G2  will  force  a  current 
through  Gi  in  a  direction  opposite  to  the  e.m.f .  of  the  latter, 
when  the  external  circuit  is  open;  that  is,  Gi  delivers  power 
and  61  receives  it. 

The  case  of  direct-ciurent  generators  is  quite  similar,  as 
illustrated  in  Fig.  48.  Suppose  Gi  is  connected  to  the  bus- 
bars and  deUvering  current  to  a  b, 
load  RL.  While  G^  is  running 
at  constant  speed,  we  adjust  its 
field  current  (by  rheostat  R2) 
until  its  open-circuit  voltage  is 
equal  to  the  bus-bar  voltage  or 
the  terminal  voltage  of  the  other  Fig.  48.  The  e.m.f  .'s  and  the  in- 
generator.     We    then    connect      ternal  resistances  of  the  direct- 

the  +  pole  of  Gj  to  the  +  bus, 
and  the  —  pole  of  G%  to  the  — 
bus.  The  e.m.f .  of  G2  just  bal- 
ances the  bus  voltage,  and  62 
neither  delivers  nor  takes  cur- 
rent. If  now  the  induced  volt- 
age of  Gs  is  increased,  it  causes  G2  to  deliver  some  current 
to  the  load.  The  total  load  current  remains  the  same  as 
before,  therefore  the  current  output  of  G\  decreases  just  as 
much  as  that  of  G2  increases.  These  changes  cause  the  termi- 
nal voltage  of  G2  to  fall  below  the  induced  voltage,  and  that  of 
Gi  to  rise  above  its  former  value,  on  account  of  changes  in  their 
respective  rl  drops  and  armature  reactions.  The  current  of  G2 
will  continue  to  increase,  and  that  of  Gi  to  decrease  in  equal 
amount,  until  the  terminal  voltages  of  Gi  and  G2  are  again 
equal;  then  the  currents  will  become  constant.  The  voltage 
between  bus-bars  will  be  increased  slightly  by  this  adjust- 
ment.    If  we  raise  the  field  excitation  of  G2  far  enough  we 


current  generators  Gi  and  G% 
should  be  the  same  in  order  for 
them  to  operate  weU  in  par- 
allel. The  load  of  each  is  con- 
trolled by  means  of  its  field 
rheostat  which  changes  the 
voltage  generated. 


76  ALTERNATINO-CURKENT  ELECTRICITY 

can  make  it  take  all  of  the  load  and  force  current  through  G\ 
in  opposition  to  its  induced  e.m.f .,  thus  running  Gi  as  a  motor. 

When  the  load  increases  on  the  system  shown  in  Fig.  48, 
the  sharing  of  the  increase  will  depend  upon  the  relative 
voltage  regulation  of  the  two  generators.  Suppose  the  ter- 
minal voltage  of  (j2  decreases  1  volt  per  100  amperes  de- 
livered, and  that  of  G\  decreases  2  volts  per  100  amperes. 
If  the  external  load  RL  increases  by  30  amperes,  the  current 
delivered  by  G^  will  increase  by  20  amperes  and  the  current 
output  of  Gi  will  increase  by  10  amperes.  This  will  cause  the 
same  decrease  of  terminal  voltage  for  both  machines  (namely, 
0.2  volt)  and  will  keep  the  terminal  voltages  equal. 

Variations  in  the  speed  of  G\  and  G%  affect  the  distribution 
and  sharing  of  load,  only  in  so  far  as  these  variations  affect  the 
e.m.f.  induced  in  the  armatures,  and  the  inherent  voltage 
regulation.  The  actual  value  of  the  speed  is  immaterial; 
we  control  the  load  by  controlling  the  voltage,  and  generators 
of  any  speed  may  work  together  satisfactorily  in  parallel. 

Example  1.  A  storage  battery  of  0.03  ohm  internal  resistance 
which  gives  12  volts  on  open  circuit  is  connected  in  parallel  with 
another  battery  of  0.04  ohm  internal  resistance  which  gives  12.2 
volts  on  open  circuit.  What  current  is  each  delivering  when  the 
load  on  the  combination  is  20  amperes? 
Construct  Fig.  49. 

The  current  delivered  by    B  =^  x  amp. 
The  current  delivered  by    A  =  20  —  x  amp. 
Voltage  across  B  =  12.2  -  0.04  x. 

Voltage  across  A  =  12  -  0.03  (20  -  x). 

But  the  terminal  voltage  across  both  batteries  must  be  the  same 
since  they  are  in  parallel. 
Therefore 

12  -  0.03  (20  -x)  =  12.2  -  0.04  x 
12  -  0.6  +  0.03  X  =  12.2  -  0.04  x 
0.07  X  =  0.8 
_  0.8 

"^  "  0.07 
Current  delivered  hy  B  —  11.4  amp. 
Current  delivered  by  A  =  20  —  11.4 

=  8.6  amp. 
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Prob.  1-2.  A  storage  battery  which  has  an  internal  resistance 
of  0.024  olun  and  gives  6.00  volts  on  open  circuit  is  connected  in 
parallel  with  another  battery  which  has  the  same  internal  resistance, 
but  which  gives  6.20  volts  on  open  circuit.  Draw  curves,  using  aj3 
abscissas  the  total  amperes  dehvered  to  the  external  circuit,  and  as 
ordinates  the  following: 

(a)  Amperes  in  6.0-volt  battery. 

(b)  Amperes  in  6.2-volt  battery. 

(c)  Terminal  voltage.  The  external  current  increases  from  zero 
to  100  amperes. 

20-x  amp. 
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Fig.  49.    The  batteries  A  and  B  of  different  e.m.f.'s  and  different  in- 
ternal resistances  are  connected  in  parallel. 

Prob.  2-2.  A  storage  battery  which  has  an  internal  resistance 
of  0.024  ohm  and  gives  6.00  volts  on  open  circuit  is  connected  in 
parallel  with  another  battery  which  gives  the  same  open-circuit 
voltage  but  has  an  internal  resistance  of  0.030  ohm.  Draw  curves, 
using  as  abscissas  the  total  amperes  delivered  to  the  external  circuit, 
and  as  ordinates  the  following: 

(a)   Amperes  in  0.024-ohm  battery. 

(6)   Amperes  in  0.030-ohm  battery. 

(c)  Terminal  voltage.  The  external  current  increases  from 
zero  to  100  amperes. 

Prob.  8-2.  A  storage  battery  which  has  an  internal  resistance 
of  0.024  ohm  and  gives  6.0  volts  on  open  circuit  is  connected  in 
parallel  with  another  battery  which  has  an  internal  resistance  of 
0.030  ohm  and  gives  6.2  volts  on  open  circuit.  Draw  curves,  using 
as  abscissas  the  total  amperes  delivered  to  the  external  circuit,  and 
as  ordinates  the  following: 

(a)  Amperes  in  the  6.2-volt  battery. 

(b)  Amperes  in  the  6.0-volt  battery. 

(c)  Terminal  voltage.  The  external  current  increases  from  zero 
to  100  amperes.  Compare  these  results  with  those  of  Problems 
1-2  and  2-2. 
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Prob.  4-2.  If  the  maximum  current  that  may  be  taken  from 
either  battery  in  Problem  1-2  without  injury  is  50  amperes,  cal- 
culate: 

(a)  The  terminal  voltage  and  watts  output  of  each  battery 
when  operated  separately  and  dehvering  its  maximum  current. 

(6)  The  total  maximum  watts  output  of  the  two  batteries  when 
operated  separately. 

(c)  The  maximum  total  watts  output  when  operating  in  parallel. 
Compare  (6)  and  (c),  and  discuss  therefrom  the  disadvantages  of 
parallel  operation  without  adjustments. 

Prob.  6-2.  Solve  Problem  4  with  relation  to  the  batteries 
sp>ecified  in  Problem  2,  and  discuss  therefrom  the  disadvantages 
of  paralleling  generators  having  dissimilar  characteristics. 

Prob.  ^2.  Solve  Problem  4  with  relation  to  the  batteries  speci- 
fied in  Problem  3. 

20.  Synchronizing  and  Paralleling  Alternators.      The 

simplest  possible  connections  for  paralleling  two  single-phase 
alternators  are  shown  in  Fig.  50.  Before  the  main  switches 
S  may  be  closed,  connecting  the  armatures  together  through 
the  bus-bars  Bi,  B2,  the  following  relations  should  be  obtained, 
at  least,  approximately: 

(1)  The  induced  e.m.f  .'s  of  the  armatures  A  j  and  At  must 
be  equal.  As  the  e.m.f  .'s  alternate,  this  should  be  true 
at  every  instant. 

(2)  Similar  terminals  of  Ai  and  A2  must  be  connected 
to  the  same  bus-bar.  Similar  terminals  mean  arma- 
ture terminals  which  are  positive  at  the  same  time, 
and  negative  at  the  same  time. 

Notice  that  these  requirements  are  like  the  requirements  for 
paralleling  direct-current  generators.  However,  in  order 
that  the  alternating  e.m.f .'s  shall  be  equal  at  every  instant  we 
must  have: 

(la)   The  frequency    of   Ai   equal   to   the   frequency 

of  A2. 

(16)   The  e.m.f.  of  ili  in  phase  with  the  e.m.f.  of  A2. 
(Ic)  The  wave-form  of  Ai  the  same  as  the  wave-form 

of  -4.2. 
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The  apparatus  ordinarily  used  to  indicate  whether  these 
conditions,  except  "  Ic,"  are  fulfilled  are  a  voltmeter  and  some 
form  of  "  synchronoscope,"  or  synchroscope.  The  latter  is  a 
device  to  iadicate  when  the  alternator  is  in  synchronism  aod 
in  phase  with  the  bus-bars  to  which  we  d^ire  to  connect  it. 
Two  alternators  are  in  synchronism  with  each  other  when 


Fig.  so.    Simple  diagram  showing  the  eeeential  apparatus  used  in  pnr- 
alleling  two  alUniaton. 

they  have  the  same  (constant)  frequency.  The  simplest 
form  of  synchroscope  is  the  "synchronizing  lamps,"  LL, 
Fig.  50. 

Consider  that  S,  is  closed  and  alternator  Ai  is  producing 
an  alternating  e.m.f.  between  bus-bars  fii,  Bt,  but  all  feeders 
are  disconnected  and  no  current  is  flowing.  In  order  to 
connect  At  in  parallel,  we  first  bring  up  its  speed  until  the 
frequency  is  nearly  the  same  as  that  of  A,  or  of  the  bus-bars. 
We  then  adjust  the  field  current  of  Ai  until  its  effective 
voltage  is  nearly  equal  to  that  of  ^i.  It  is  customary,  and 
preferable,  to  use  the  same  voltmeter  to  measure  both  volt- 
ages, connecting  it  by  means  of  a  voltmeter-switch   first 
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to  the  armature  terminals  of  Ai  or  to  the  bus-bars,  and  then 
to  the  armature  terminals  of  A^  as  indicated  in  Fig.  50. 
Although  the  main  switch  S2  is  open,  the  armatures  A^  and 
A2  are  joined  together  through  the  synchronizing  lamps 
which  are  permanently  connected  in  parallel  with  the  switch 
blades,  as  shown.  The  behavior  of  these  lamps  now  indi- 
cat<es  quite  accurately  what  further  adjustments  must  be 
made  before  closing  S2.    Thus: 

(1)  If  the  lamps  become  bright  and  dark  alternately,  it  indi- 
cates that  the  frequencies  of  Ai  and  A^  are  different.  The 
number  of  light-beats  per  second  is  equal  to  the  difference 
between  these  frequencies.  The  lamp  does  not  show  which 
alternator  is  too  fast  or  too  slow;  the  speed  of  the  incom- 
ing machine  Ai  must  be  raised  or  lowered  until  the  light 
and  dark  periods  are  long  and  follow  each  other  very 
slowly. 

(2)  While  the  lamps  are  dark,  when  connected  as  in 
Fig.  50,  they  indicate  that  the  resultant  voltage  of  Ai  and 
A2  in  series  is  nearly  zero,  or  that  the  voltages  ei  and  e^  are 
nearly  equal  at  all  instants,  and  in  the  same  direction 
with  respect  to  the  bus-bars  or  in  opposite  directions  with 
respect  to  each  other  in  the  local  circuit  between  the  arma- 
tures. If  the  lamps  remain  dark,  we  infer  that  the  effective 
voltages  El  and  E2  are  equal  and  in  phase  (with  respect  to 
the  bus-bars),  and  the  alternators  are  in  exact  synchronism. 
However,  it  may  mean  that  the  filament  of  one  of  the  lamps 
has  broken;  therefore,  we  prefer  to  adjust  the  speed  of  A2 
so  that  the  lamps  brighten  and  darken  slowly,  and  close  the 
switch  Sj  at  about  the  middle  of  a  dark  period.  In  this  way 
we  have  more  recent  evidence  that  the  lamps  are  in  good 
operating  condition. 

(3)  If  the  lamps  stay  bright,  it  may  mean  that: 

(a)  £2  is  greater  or  less  than  Ex,  and  the  alternators  are 
in  synchronism,  either  in  phase,  or  out  of  phase. 

(6)  E%  is  greater  or  less  than  Bi,  and  there  is  great  differ- 
ence between  the  frequencies.     In  this  case  there  is  a 
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tendency  for  the  light  to  flicker,  which  may  not  be  per- 
ceptible to  the  eye  if  the  frequencies  differ  sufficiently, 
(c)  The  alternators  are  in  synchronism  but  out   of 
phase;    in  this  case,  there  may  be  any  relation  be- 
tween the  effective  values  of  Ei  and  E^. 
In  any  such  event  the  speed  of  the  incoming  alternator,  ^4.2, 
should  be  varied  until  the  brightness  of  the  lamps  changes 
slowly;  then  its  voltage  E2  should  be  raised  or  lowered  until 
the  lamps  become  quite  dark  between  bright  periods.    Thus 
we  attain  the  condition  described  in  (1),  and  we  close  the 
switch  &  as  described  in  (2).    The  switch  should  never  be 
closed  while  the  lamps  are  bright,  because  the  brightness 
indicates  a  considerable  voltage  between  points  which  would 
be  short-circuited  by  the  switch  blade. 


Fig.  51.    Wave-form  E2  completes  7  cycles  while  ^1  completes  8. 

in  subtractive  series  produce  resultant  Er, 


These 


The  reason  why  the  synchronizing  lamps  L  brighten  and  darken 
alternately  when  the  frequencies  of  Ei  and  Et  differ,  as  explained 
under  (1)  above,  is  illustrated  in  Fig.  51a  and  51b.  The  former 
shows  the  two  e.m.f .  waves,  having  the  same  wave-form  and  same 
effective  value,  but  differing  in  frequency;  E2  completes  7  cycles 
while  El  is  completing  8  cycles.  The  e.m.f.  which  lights  the  lamps 
is  the  resultant  in  the  local  circuit  formed  by  the  armatures  Ai  and 
At  in  series;  and  as  Fig.  51a  is  drawn  on  the  assumption  that  the 
positive  direction  of  e.m.f.  in  both  armatures  is  toward  the  same 
bus-bar,  the  local  resultant  is  the  vector  difference  between  Ei  and 
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E2t  and  we  must  reverse  Et  before  adding  it  to  Ei.  After  doing  this, 
we  obtidn  the  curve  shown  as  Er  in  Fig.  51b,  which  represents  the 
e.m.f .  acting  on  lamps  L2L2  in  series.  In  the  time  during  which  Et 
completes  one  less  number  of  cycles  than  Ei,  the  e.m.f.  acting  on  the 


Fia.  52.  Wave-forms  Ei  and  Et  are  now  completing  the  same  number 
of  cycles  per  second.  They  have  a  phase  difference  of  180**  and  the 
resulting  voltage  is  zero.    The  synchronizing  lamps  are  therefore  dark . 

lamps  is  alternating  rapidly  but  its  effective  value  increases  from 
zero  to  a  maximiun  and  back  to  zero  again  (as  indicated  by  the 
dotted  line  in  Fig.  51b).  This  causes  the  lamps  to  brighten  and 
darken  correspondingly;  thus,  if  the  frequency  of  ^1  is  60  cycles 

^      per  second,  and  that  of  E2  is  |  of 

Eg  Er  E|.   60  or  52^  cycles  per  second,  tiien 

Fig.  53.    Vector  diagram  of  con-  ^^  ^^mps  brighten  60  -  52.5  or 

ditions  in  Fig.  52  showing  that  7*  tunes  per  second. 

the  resulting  voltage  is  zero.  Now  speed  up  ^2  until  its  fre- 

quency  equals  that  of  Ai  (namely, 
60  cycles  per  second),  meanwhile  keeping  Et  equal  to  Eu  When 
this  is  accomplished,  we  may  find  Et  directly  opposed  to  Ei  at  every 
instant  and  the  resultant  Er  nearly  zero  as  shown  in  Fig.  52.  Or 
wc  may  find  Et  nearly  in  phase  with  Ei  in  the  local  circuit  between 


FiG.  54.  El  and  Et  complete  the  same  number  of  cycles  per  second,  but 
El  leads  Et  by  about  60°.  The  resultant  voltage  Er  keeps  the  syn- 
chronizing lamps  glowing. 

the  armatures,  and  the  resultant  Er  nearly  equal  to  (Et  +  Ei)y 
as  shown  in  Fig.  54.  In  the  case  shown  in  Fig.  52  the  lamps  remain 
dark,  as  stated  under  (2)  above.  In  the  case  of  Fig.  54  the  lamps 
remain  bright,  as  stated  under  (3c)  above.  We  may  pass  from  the 
condition  of  Fig.  54  to  that  of  Fig.  52  by  speeding  up  or  slowing 
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down  A2  very  slightly  until  E2  comes  in  opposition  to  Ei,  then 
cban^ng  the  speed  back  again  to  synchronism. 

When  Ai  and  Ai  are  in  synchronism  and  in  phase  but  Et  is  greater 
than  El,  we  have  the  condition  stated  under  (3a)  above  and  shown 
in  Fig.  56.  A  resultant  e.m.f .  Er 
acts  on  the  lamps,  equal  to  the 
arithmetical  difference  between  E2 
and  El,  This  e.m.f.  Er  has  a 
constant  effective  value  and  the 
same  frequency  as  E2  and  Ei; 
therefore,    the   lamps   L2L2   will  ^ 

^ow  steadily.  An  incandescent  Fig.  55.  The  vector  diagram  of 
lamp  will  not  emit  light  when  the  conditions  of  Fig.  54,  show- 
the  voltage  {Er)  is  less  than  ing  that  Ei  and  Et  have  a 
about  40  per  cent  of  the  rated  resultant  Er,  which  keeps  the 
voltage  of  the  lamp;  this  is  the  synchronizing  lamps  glowing, 
reason  why  we   wait  until  the 

middle  of  a  dark  period  before  closing  the  main  switch  ^2,  so  as  to 
be  quite  sure  that  ^b  is  as  small  as  possible. 

When  E2  and  Ei  are  not  in  synchronism  and  are  unequal  in  value, 

<    to. 


E,  Eh      ■  E, 

FtG.  50.  The  voltages  ^1  and  Et  complete  the  same  number  of  cycles 
per  second  and  have  a  phase  difference  of  180°,  with  respect  to  each 
other,  but  Et  is  greater  than  Ei. 

the  lamps  indicate  aj3  explained  imder  (3b)  above.  Suppose  the 
frequencies  are  as  shown  in  Fig.  51a.  Then  E2  falls  behind  by  1 
cycle  while  Ei  passes  through  8  cycles,  or,  for  each  cycle  passed 


\ 


t 1 — ^ ^ 

Fig.  57.  Vector  diagram  showing  derivation  of  resultant  voltage  act- 
ing on  synchronizing  lamps  when  the  e.m.f.'s  of  the  generators  are 
unequal  in  value  and  of  different  frequency.  This  diagram  shows 
conditions  at  the  time  when  El  is  minimum. 

through  by  Ei,  Et  lags  J  cycle  further  behind  Ei,  Fig.  57  repre- 
sents conditions  at  the  instant  when  the  e.m.f.  Er^  acting  upon  the 
lamps,  has  its  minimum  value.  Fig.  58  shows  conditions  at  the 
instant  when  Ei  has  completed  one  more  cycle;  Fig.  59  after  still 
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another  cycle  of  Eiy  and  so  on.  Comparing  Fig.  57  and  60,  we 
see  that  the  effective  value  of  El  varies  between  a  minimum  equal 
to  (^2  —  El)  and  a  maximum  equal  to  {E%  +  Ex),  the  number  of 


Fig.  58.  The  voltage  across  the  lamps  has  this  value  of  El  when  Ex 
has  completed  one  cycle  more  than  in  Fig.  57,  and  is  \  cycle  further 
ahead  of  Ei, 


V 


A 


Fig.  59.    The  voltage  E\  has  completed  still  another  cycle  and  is  now 

another  \  cycle  ahead  of  Et. 


\ 


E,  E, 

Fig.  60.  The  voltage  wave  Ei  has  completed  two  more  cycles  since 
Fig.  59,  and  is  \  cycle  further  ahead  of  Et-  This  causes  Et  and  Ei  to 
be  momentarily  in  phase  and  the  resulting  voltage  ^£  is  a  maximum. 

fluctuations  per  second  of  this  resultant  being  equal  to  the  difference 
between  the  frequencies  of  E2  and  Ei. 

Consider  now  what  happens  when  Ei  and  ^1  have  the  same 
effective  value  and  are  in  synchronism  and  in  phase,  but  have 
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different  wave-forms.  Thus  let  the  wave  of  cj  be  extremely  peaked, 
as  shown  in  Fig.  61,  and  the  wave  of  ei  be  extremely  flat,  as  shown 
in  Fig.  62.    The  resultant  e.m.f.  (cr)  in  the  local  circuit  between 


Tlma  (*ooiids) 


Fig.  61.    An  extremely  peaked  wave-form. 

^ Curve  of  «! 


leriod  «  Si  sec* 


Time  (Moond*) 


Fig.  62.    An  extremely  flat-top  wave-form. 


I'^ia.  63.  Cmre  Cr  is  the  resulting  curve  when  e.m.f.  of  wave-form  in 
Fig.  61  is  joined  in  series  with  the  e.m.f.  of  wave-form  in  Fig.  62.  The 
two  e.m.f.*8  are  in  synchronism  and  have  a  phase  difference  of  180**, 
and  have  the  same  effective  value.  Note  that  the  resultant  voltage 
is  not  zero,  however. 

the  two  armatures,  where  ««  and  Ci  act  in  series,  must  always  have 
an  effective  value  greater  than  zero,  as  illustrated  in  Fig.  63.  It 
would  be  impossible  to  And  an  adjustment  of  values  or  phase  relar 
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tion  of  e\  and  62  which  would  eliminate  this  resultant  c.m.f.  Cr  as 
long  as  the  wave-fomis  of  e\  and  e^  are  different. 

Example  2.  Alternator  A\  in  Fig.  50  has  a  terminal  e.m.f.  of 
110  volts  of  sine  wave-form,  and  has  a  frequency  of  59  cycles.  Ar 
has  a  terminal  e.m.f.  of  112  volts  of  sine  wave-form,  and  a  frequency 
of  61  cycles  per  second.    When  S\  is  closed  and  &  is  open : 

(a)  What  is  the  greatest  effective  voltage  across  each  lamp, 
assuming  that  they  are  all  alike? 

(6)   How  many  light-beats  occur  each  second? 

Solution. 

(a)  The  greatest  effective  voltage  across  the  lamps  is  always  tlie 
sum  of  the  effective  e.m.f. 's  of  the  two  generators. 

Ei  +  E2=  110-1-112 
=  222  volts. 

But  when  Si  is  closed,  two  lamps  (L2L2)  are  in  series  so  that  the 

220 
greatest  effective  voltage  across  each  lamp  is  -—  =111  volts. 

(6)  The  number  of  ligbt-beats  per  second  always  equals  the 
difference  between  the  frequencies  of  the  generators.  In  this  case 
it  equals  61  —  59  =  2  light-beats  per  second. 

Prob.  7-2.  Each  alternator  shown  in  Fig.  50  generates  an 
harmonic  e.m.f.  of  220  volts  effective  value.  The  frequencies  arc 
60  and  58  cycles  per  second.  iSi  is  closed  and  S2  open.  The  syn- 
chronizing lamps  are  all  alike. 

(a)  What  is  the  greatest  effective  voltage  across  each  lamp  Lt? 

(b)  How  many  of  these  maxima  per  minute? 

(c)  What  should  be  the  rated  voltage  of  each  lamp  in  order  to 
avoid  burning  it  out  prematurely? 

Prob.  ft-2.  Each  alternator  in  Fig.  50  generates  an  harmonic 
e.m.f.  of  60  cycles  frequency.  Si  is  closed  and  Si  open;  all  lamps 
L  are  alike.  The  terminal  e.m.f.  of  A i  is  240  volts  and  of  At  is 
200  volts,  effective  values.  What  is  the  effective  voltage  across 
each  synchronizing  lamp  L^: 

(a)  When  the  phase  difference  between  Ei  and  E2  is  such  that 
this  voltage  is  greatest? 

(6)  When  this  voltage  is  minimum? 

Prob.  9-2.  The  wave-form  of  e.m.f.  in  each  alternator  of  Fig. 
50  is  harmonic,  but  Ai  generates  an  effective  value  of  240  volts  at  60 
cycles  per  second,  while  A 2  generates  an  effective  value  of  200  volts 
at  58  cycles  per  second.  Describe  the  behavior  of  each  lamp  L  and 
calculate  maximum  and  minimum  values  of  the  effective  voltage 
across  it.     Botli  switches  SiSi  arc  open. 
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Prob.  10-2.  One  alternator  of  Fig.  50  generates  an  e.m.f.  wave 
of  the  form  shown  in  Fig.  62,  and  the  other  generator  an  e.m.f.  as 
shown  in  Fig.  61.  The  voltmeter  indicates  220  volts  across  each 
alternator  on  open  circuit.  The  alternators  are  in  synchronism  and 
in  phase,  as  shown  in  Fig.  63.    Calculate: 

(a)  The  maximiun  instantaneous  e.m.f.  of  Ai. 

(6)  Masdmiun  instantaneous  e.m.f.  of  A2. 

(c)  Effective  value  of  e.m.f.  acting  in  local  circuit  of  armatures, 
across  LsLsLiLi. 

Prob.  11-2.  Draw  the  wave  of  resultant  e.m.f.  in  the  local 
circuit  between  the  alternators  of  Problem  10-2  for  the  phase  rela- 
tion which  makes  the  effective  value  of  this  resultant  the  greatest. 
Calculate  this  greatest  value  in  effective  volts. 

21.  Synchronizing  Currents.  Phantom  Load.  We  have 
gone  into  details  regarding  this  resultant  e.m.f.  Er  in  the 
local  circuit  between  armatures,  because  it  determines  what 
happens  when  the  main  switch  S  is  closed.  In  generali  we 
may  state  that  whenever  the  wave-forms,  or  the  frequencies, 
or  the  effective  voltages  of  the  two  alternators  are  not  exactly 
the  same,  or  when  they  are  not  exactly  in  phase,  there  will 
be  a  resultant  e.m.f.  which  causes  a  current  to  circulate 
between  the  armatures  as  soon  as  the  main  switches  are 
closed.  As  the  synchronizing  lamps  LL  are  short-circuited 
by  the  switch  blades,  the  only  reactions  limiting  the  amount 
of  current  that  flows  through  the  local  circuit  of  the  armatures 
are  those  due  to  resistance,  inherent  reactance  and  the  arma- 
ture reaction  of  the  armature-currents.  As  these  factors  are 
relatively  small,  slight  differences  between  E2  and  Ei  produce 
large  values  of  this  circulating  current,  which  is  called  the 
synchronizing  current. 

The  action  of  the  synchronizing  current  upon  E2  and  Ei 
is  always  such  as  to  reduce  Er;  thus,  the  synchronizing 
current  limits  itself  and  tends  to  reconcile  the  differences 
between  Ei  and  Ei,  making  the  alternators  operate  together 
more  smoothly.  However,  the  synchronizing  current  heats 
the  armatures,  and  a  relatively  small  difference  between  E2 
and  El  is  sufficient  to  reduce  seriously  the  capacity  of  the 
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armatures  for  delivering  useful  current  to  the  external  load. 
The  synchronizing  current  is  superposed  upon  any  load  cur- 
rent which  either  alternator  may  be  delivering  to  the  external 
circuit.  This  subject  will  be  considered  in  the  next  article. 
While  the  feeders  are  disconnected,  let  us  examine  the 
S3mchronizing  current  due  to  a  poor  adjustment  of  Et  and 
Ely  and  the  effects  which  it  produces.  Consider  Rg.  56, 
where  the  e.m.f.'s  are  in  synchronism  and  in  phase  with  re- 
spect  to  the  bus-bar  voltage  and  are  both  of  harmonic  wave- 
form, but  E2,  is  greater  than  Ei,  Assume  that  E^  =  2200 
volts,  El  =  2000  volts.  Synchronous  reactance  of  each  arma- 
ture =  2.0  ohms;  resistance  of  each  armature  =  0.2  ohm. 
Then,  assuming  that  the  resistance  and  reactance  in  the  bus- 
bars and  in  the  leads  from  armatures  to  switchboard  are  neg- 
ligibly small  or  are  included  in  the  above  figures  we  have: 
Total  resistance  in  local  circuit  of  armatures  =  0.2  -{- 

0.2  =  0.4  ohm. 
Total  (synchronous)  reactance,  including  inherent  react- 
ance and  armature  reaction  =  2.0  +  2.0  =  4.0  ohms. 
Total  (synchronous)  impedance  =  V(0.4)2  +  (4.0)^  = 

Viele  =  4.02  ohms. 
Then,  from  Fig.  56,  we  see  thai^ 
Ea^Ei-Ei^  2200  -  2000  =  200  volts,  eflFective 
value. 

Synchronizing  current  (7.)  =  total  synS  imped.  =  m 

=  49.8  amperes  (R.M.S.  value). 
This  current  lags  behind  the  e.m.f.  Er  which  produces  it, 
by  an  angle  6,  whose  value  depends  upon  the  ratio  of  re- 
actance to  resistance  in  the  local  circuit.  Thus,  in  Fig.  64, 
tan  ^°  = 

total  synchronous  reactance  "of  local  circuit  in  armatures 
total  resistance  of  local  circuit  in  armatures 

0.4        "' 
or  e  =  84°  18'. 
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Now,  7s  in  this  case  is  almost  wholly  reactive  with  respect 
to  the  e.m.f.'s  of  both  alternators.    Thus,  if 

P%  =  power  developed  by  7^  in  flowing  through  armature 
which  generates  E2 
and 

Fi  =  power  developed  by  7s  in  flowing  through  armature 
which  generates  Ei, 
then 

Pt  =  I3XE2X  cos  e  =  49.8  X  2200  X  0.09932 
=  +  10,890  watts 
and 

Pi  =  IsXEiX  cos  (180*^  -  O  =  49.8  X  2000  X 
(-0.09932)  =  -  9900  watts. 


•El 
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FiG»  64.  The  synchronizing  current  Is  must  lag  behind  the  voltage  Er 
by  an  angle  0  whose  value  depends  upon  the  ratio  between  reactance 
and  resistance  of  armature  circuits. 

Positive  power  signifies  generator  action,  and  negative 
power  signifies  motor  action.  When  the  induced  e.m.f.  of 
any  dynamo  produces  a  current  (in  the  same  direction  as  the 
e.m.f.,  of  course),  the  magnetic  force  exerted  between  this 
current  and  the  field  is  such  as  to  oppose  the  motion  which 
produces  the  e.m.f.  (Lenz's  Law).  Therefore,  it  follows  that 
whenever  a  current  flows  through  the  conductors  in  the 
direction  opposite  to  the  e.m.f.  which  is  being  induced  in 
them,  the  force  action  is  also  opposite;  therefore,  it  helps  to 
produce  the  rotation  by  which  the  e.m.f.  is  induced.  In 
other  words,  we  have  motor  action  whenever  the  current 
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flows  in  direction  opposite  to  the  induced  e.m.f.,  and  genera- 
tor action  whenever  the  current  flows  in  the  same  direction 
as  the  induced  e.m.f .  These  facts  underlie  the  operation  of 
the  synchronous  motor,  as  will  be  seen. 

In  the  present  case,  we  see  that  10,890  watts  of  electrical 
power  are  generated  in  the  higher-voltage  alternator,  Ai,  of 
which  9900  watts  go  to  produce  motor  action  in  Ai.  The 
remainder,  10,890  —  9900,  or  990  watts,  represents  the  power 
transformed  into  heat  by  the  current  Is  flowing  against  the 
resistance  of  the  two  armatures.  That  is,  PR  =  (49.8)*  X 
0.4  =  990  watts  (check).  The  9900  watts  of  motor  action 
in  the  lower-voltage  alternator  Ai  tends  to  push  it  ahead  in 
the  direction  of  rotation.  But  the  instant  that  the  vector 
E\  advances  with  respect  to  vector  E^  the  resultant  e.m.f. 
Er  and  current  Is  are  changed,  and  in  such  manner  that 
the  power  input  to  A\  (and  motor  action  produced  thereby) 


r ^-^- — ^ 

Fig.  66.  Voltage  Ei  has  advanced  16°  toward  E^^  Er  has  therefore 
become  larger  than  in  Fig.  64,  also  more  nearly  in  phase  with  E\.  Is 
has  proportionally  increased  and  is  more  nearly  in  phase  with  ^i. 

are  reduced.  Therefore,  Ei  will  advance  on  E%  just  far 
enough  to  reduce  the  electrical  power  intake  of  i4i  to  an 
amount  which  is  sufficient  to  hold  Ai  at  synchronous  speed; 
then  we  shall  have  equilibrium  and  7s  will  be  constant. 
Thus,  in  Fig.  65  vector  Ei  has  advanced  in  phase  about  15** 
with  respect  to  vector  E^]  notice  that  the  synchronizing 
current  Is  is  thereby  increased  in  value  (in  proportion  to 
Er^  which  is  increased  by  the  change  of  phase  relation  be- 
tween E2  and  £1),  and  thrown  more  nearly  in  phase  with 
El.    Even  this  slight  advance  of  15°  by  Ei  changes  Pi  from 
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negative  (motor  action)  to  positive  (generator  action),  and 
changes  A2  from  generator  to  motor.  As  both  alternators 
are  being  driven  by  their  engines  at  exactly  the  same  fre- 
quency, the  phase  displacement  will  not  proceed  far  enough 
to  produce  any  motor  action,  but  only  far  enough  to  reduce 
the  motor  action  to  a  zero  value.  Hence  the  phase  advance 
of  El  due  to  the  motor  action  of  the  synchronizing  current 
that  flows  immediately  after  the  switch  is  closed  under  the 
condition  shown  by  Fig.  64  will  be  stopped  long  before  it 
has  amoimted  to  15  electrical  degrees. 

The  most  important  action  of  the  synchronizing  current 
(/s,  Fig.  64),  due  to  inequaUty  of  alternator  voltages,  is  now 
to  be  noted.  Is  leads  the  induced  e.m.f.  Ex  of  the  lower- 
voltage  alternator  by  nearly  90°,  and  it  lags  behind  the  in- 
duced e.m.f.  £2  of  the  higher  voltage  alternator  by  almost 
90®.  We  have  seen  (Art.  9)  that  when  the  armature  cur- 
rent lags  90°  behind  the  induced  e.m.f.  it  exercises  a  rela- 
tively strong  demagnetizing  influence,  and  when  it  leads 
the  induced  e.m.f.  by  90°  it  tends  to  strengthen  the  field. 
Hence,  we  see  that  Is  will  weaken  the  field  of  A  2  and  hereby 
reduce  Et,  while  at  the  same  time  it  will  strengthen  the  field 
of  Ai  and  increase  Ex.  Therefore,  £2  and  Ei  will  be  made 
more  nearly  equal  to  each  other  by  the  armature  reactions 
due  to  Is]  and  as  E%  approaches  Ei  in  value,  Er  is  reduced. 
Here  again  we  see  the  wonderful  self -adjustment  of  the  alter- 
nator; the  synchronizing  current  limits  itself  automatically  by 
twinging  about  within  the  machines  such  actions  or  reactions 
as  shall  make  their  e.m.f  .'s  more  nearly  as  they  should  be. 

Prob.  12-2.  Before  closing  the  switches  in  Fig.  50,  alternator 
A\  is  generating  220  volts  and  A^  is  generating  190  volts.  The 
switches  were  closed  when  the  synchronizing  lamps  were  at  the 
middle  of  a  dark  period,  but  such  a  small  difference  of  voltage  could 
not  be  indicated  by  the  lamps,  and  was  not  noticed  on  the  voltmeter 
as  it  should  have  been.  Each  alternator  is  rated  100  kv-a.  220 
volts,  and  has  a  resistance  of  1  per  cent  and  inherent  reactance  of 
10  per  cent.  Calculate  for  the  instant  immediately  following  the 
switching,  with  no  load  on  the  bus-bars: 
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• 

(a)  Amperes  flowing  in  both  armatures  after  switches  are  closed. 

(6)  Terminal  voltage  of  each  armature. 

Note  that  these  two  terminal  voltages  should  be  equal;  this 
furnishes  a  check  on  your  work.  Draw  vector  diagrams  showing 
how  the  terminal  voltage  of  each  alternator  was  obtained.  The 
wave-form  of  each  generator  is  harmonic. 

Prob.  18-2.  From  the  data  and  results  of  Problem  12,  calculate 
the  values  of  the  following  quantities  the  moment  after  the  switch 
is  closed,  and  before  the  alternators  adjust  their  phase  relations. 

(a)  Electrical  power  generated  in  one  alternator. 

(b)  Electrical  power  output  from  terminals  of  this  alternator,  or 
input  to  terminals  of  the  other  alternator. 

(c)  Electrical  power  used  to  overcome  induced  (counter)  e.m.f. 
of  other  alternator,  or  to  develop  mechanical  power  in  its  rotor. 

{d)  PR  loss,  in  each  armature. 
■'  Check  your  work  by  comparing  (d)  with  the  difference  between 
(a)  and  (6),  or  between  (6)  and  (c). 

Prob.  li-2.  If  each  lamp  L2  in  Fig.  50  is  rated  220  volts  and 
its  filament  does  not  become  visible  until  the  voltage  reaches  90 
volts,  what  is  the  maximimi  difference  that  may  exist  between  the 
effective  values  of  terminal  e.m.f.  in  the  two  alternators,  while  the 
lamps  still  appear  to  be  dark  during  the  synchronizing  process  {Si 
closed,  S2  open)?  If  the  switches  are  closed  when  this  difference 
of  voltages  exists  with  the  lower-voltage  machine  running  Ught  but 
adjusted  to  220  volts,  calculate  the  results  called  for  in  Problem 
13-2.     Conditions,  other  than  voltage,  proper  for  paralleling. 

Prob.  15-2.  Calculate  the  results  called  for  in  Problem  13-2, 
after  equilibrium  has  been  established.  Assume  that  the  prime 
movers  have  exactly  the  same  load-speed  curve  (flat,  with  speed 
regulation  of  1  per  cent). 

22.  Synchronizing  Power.  If  one  alternator  happens  to 
be  ahead  of  the  other  in  phase  at  the  moment  of  closing  the 
main  switch  (S,  Fig.  50),  a  local  synchronizing  current  will 
flow  which  takes  electrical  power  from  the  machine  that  leads 
and  delivers  it  to  the  machine  that  lags.  Thus,  the  for- 
mer tends  to  be  pulled  back  by  generator  action,  whUe  the 
latter  tends  to  be  pushed  ahead  by  motor  action,  and  the 
two  e.m.f. 's  come  more  nearly  into  phase.  But  whUe  this  is 
occurring,  the  resultant  e.m.f.  Er  is  being  reduced,  because 
it  is  produced  by  the  phase  difference  between  £2  and  Ei, 
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with  respect  to  the  bus-bars.  And  as  /^  is  directly  propor- 
tional to  £i2  we  see  again  that  the  synchronizing  current 
tends  to  limit  itself,  as  it  brings  the  alternators  more  nearly 
into  their  proper  relation  to  each  other. 

For  instance,  suppose  that  we  close  the  main  switch  at  a 
moment  when  Ei  is  15^  in  advance  of  its  proper  phase  relation 
to  Ei,  as  shown  in  Fig.  65.  The  resultant  e.m.f.  is^B  and 
the  local  synchronizing  current  is  7^.  If  the  values  of  E^  and 
El  are  known,  and  the  angle  E^OEi  between  them,  it  is  simply  a 
problem  in  trigonometry  to  find  the  value  of  Er,  also  the  phase 
angle  between  Eb  and  E2  or  Ei.  From  the  total  synchronous 
reactance  and  total  resistance  of  the  armature  circuit  we 
calculate  the  angle  $.  Then,  we  are  able  to  find  the  value 
of  the  angle  between  1 3  and  Ei,  or  between  Is  and  E2.  The 
value  of  Is  (in  amperes)  is  equal  to  Er  (in  volts)  divided  by 
the  total  synchronous  impedance  (in  ohms)  of  the  circuit  be* 
tween  armatures.    Then 

Pi  =  EJs  cos  a    and    P2  =  EJs  cos  /S. 

Notice  that  Pi  is  positive,  representing  generator  action,  and 
that  Pi  is  negative,  representing  motor  action.  This  results 
in  pulling  vector  Ei  back  in  clockwise  direction  and  pushing 
vector  E2  ahead  in  counter-clockwise  direction,  thus  bringing 
them  more  nearly  into  diametrically  opposite  phase  relation, 
as  they  should  have  been  before  the  switch  was  closed.  The 
total  power  transformed  into  heat  in  the  armatures  should  be 

Ps  (Ri  +  ft)  =  Pi  +  P2  =  {EJs  cos  a  +  EJs  cos  p). 

The  mechanical  power  P  which  is  interchanged  between  the 
machines  when  they  are  out  of  phase  and  which  tends  to  bring 
them  into  phase,  is  a  very  important  factor  in  parallel  opera- 
tion of  alternators.  It  is  called  the  synchronizing  power.  Par- 
allel operation  is  always  more  satisfactory  when  the  alternators 
are  designed  so  that  a  small  change  of  phase  relation  between 
El  and  Et  produces  a  large  amount  of  synchronizing  power. 
By  comparing  Fig.  66  with  Fig.  65,  we  see  that  this  desir- 
able condition  is  obtained  when  the  reactance  of  the  anna- 
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tures  is  large  compared  with  their  resistance,  because  then 
the  angle  B  is  large,  which  makes  the  angle  a  small  and  the 
angle  /S  large  for  a  given  phase  difference  between  E2  and  Ei 
and  a  given  value  of  synchronous  impedance.  Thus,  if 
difficulty  is  experienced  in  keeping  alternators  in  parallel, 
conditions  may  be  improved  by  inserting  reactances  in  series 
with  the  armatures  (similar  to  current-limiting  reactances) 
provided  the  resistance  is  not  increased  in  proportion.  How- 
ever, if  the  reactance  is  made  too  large,  the  amount  of  the 
synchronizing  current  is  reduced  more  than  its  power-fActor 
is  increased  and  thus  the  synchronizing  power  may  be  re- 
duced. It  is  possible  to  determine  the  conditions  under 
which  S3mchronizing  power  attains  a  maximum  value  for 
given  machines. 

Difficulty  in  parallel  operation  is  more  likely  to  be  ex- 
perienced with  alternators  having  good  voltage  regulation 


i: ^ 

Fia.  66.  The  larger  the  angle  B  is  the  larger  /3  will  become  and  the 
smaller  a  will  be.  The  angle  0  is  large  when  the  armature  reactance  is 
large  in  comparison  with  the  armature  resistance.    Compare  Fig.  65. 

than  with  alternators  having  bad  voltage  regulation.  Good 
voltage  regulation  means  small  arn^ature  reaction,  small  re- 
actance and  small  synchronous  impedance.  As  shown  by 
Fig.  65  and  66,  low  reactance  means  small  synchronizing 
power  for  a  given  phase-displacement  between  E2  and  Si,  or 
a  large  amount  of  piiase-displacement  to  produce  enough 
synchronizing  power  to  hold  the  alternators  in  step,  which 
leads   to    "hunting'*    of   the   alternators.    Moreover,   low 
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synchronous  impedance  means  that  a  slight  movement  of  the 
armatures  (or  E2  and  Ei  vectors)  with  relation  to  each  other, 
or  small  values  of  Esy  will  produce  large  values  of  Is*  Such 
movements  are  likely  to  result  from  the  inequalities  of  the 
force  acting  upon  the  piston  of  a  steam  or  gas  engine  as  the 
working  fluid  in  the  cylinder  expands  during  each  stroke, 
unless  heavy  flywheels  are  used.  If  the  voltage  regulation 
of  the  alternators  is  good  and  the  reactance  correspondingly 
small,  very  slight  relative  movements  of  the  armatures  will 
produce  large  synchronizing  currents  (Is)',  but  under  such 
conditions  the  synchronizing  current  represents  compara- 
tively little  synchronizing  power;  therefore,  greater  phase 
displacements  and  larger  values  of  Is  are  necessary  to  hold 
the  alternators  in  step.  Hence,  we  see  that  the  circulating 
current  will  be  large,  and  this  will  reduce  the  capacity  of  the 
alternators  for  carrying  useful  load. 

If  one  alternator  tends  to  turn  slower  than  another  in 
parallel  with  it,  the  synchronizing  power  comes  into  play  and 
prevents  this.  Suppose  that  Ei  and  E2  were  exactly  in  phase 
(as  shown  by  Fig.  64)  when  the  parallel  connection  was  made, 
but  that  Ai  has  a  tendency  to  run  faster  than  A2.  This 
would  be  the  case  if  the  synchronizing  lamps  were  brighten- 
ing and  darkening  slowly,  and  the  switch  were  closed  in  the 
middle  of  a  dark  period.  A  moment  later  Ei  would  have 
advanced  slightly  on  Et,  as  in  Fig.  65.  The  resultant  Er 
thereby '  produced  would  cause  a  synchronizing  current  1 3 
which  would  make  the  fast  machine  Ai  act  as  generator  and 
the  slow  machine  A2  act  as  a  motor.  As  a  result,  the  fast 
machine  would  be  slowed  down  and  the  slow  one  speeded  up, 
until  they  were  brought  into  synchronism.  As  this  condition 
approaches,  the  resultant  Er  decreases,  and  the  synchronizing 
current  Is  therefore  gradually  approaches  constancy. 

Example  10.  Two  500-kv-a.  alternators  each  running  as  a 
single-phase  machine  and  each  having  a  voltage  of  2300  volts  were 
thrown  in  parallel,  when  they  were  at  what  was  believed  to  be  the 
correct  phase  relation,  that  is,  the  e.m.f.'s  were  supposed  to  be  180® 
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apart.  Generator  A,  however,  was  20°  ahead  of  this  correct  180** 
position  with  regard  to  generator  B,  Each  generator  has  a  10  per 
cent  inherent  reactance  and  a  2  per  cent  resistance.  Which  gener- 
ator delivers  synchronizing  power  to  the  other,  and  how  great  is  this 
power? 

Draw  Fig.  67,  and  note  that  if  the  two  e.m.f.'s  are  not  exactly 
equal  and  in  phase,  in  the  opposite  direction  to  each  other,  one 
alternator  will  force  current  through  the  other. 


FiQ.  67.    The  two  alternators  are  in  parallel,  and  their  e.m.f.'s  have  the 
same  positive  direction  with  respect  to  the  line. 
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Fig.  68.    The  synchronizing  current  Is  is  nearly  opposite  to  the  voltage 
Eb-    Thus  B  receives  synchronizing  power  from  A  in  Fig.  67. 


Construct  Fig.  68,  drawing  Eb  to  represent  the  terminal  voltage 
of  generator  B,  Draw  A'  at  180°  to  ^^  to  represent  the  e.m.f.  of 
generator  A  at  the  position  which  it  should  occupy  if  the  generators 
were  in  synchronism  and  in  phase.  Then  draw  Ea,  leading  A'  by 
20°  to  represent  the  terminal  voltage  of  generator  A,-  20°  ahead 
of  its  synchronous  position.  The  resultant  of  these  two  terminal 
voltages  which  tends  to  send  a  current  circulating  through  the  two 
machines  is  Er.  The  phase  difference  between  Ea  and  Eb  is 
180°  -  20°  =  160°. 
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Er^  VEa^  -^Eb^  +  2  EaEb  cos  160° 

=  V2300*  +  2300*  +  2  X  2300  X  2300  X  (-cos  20°) 
=  794  voltB. 


Per  cent  synchronous  impedance  of  combination  =  VlO*  +  2*  = 

10.2  per  cent. 

Voltage  to  overcome  impedance  at  full  load  =  0.102  X  4600  » 

469  volts. 

500000 
Armature  current  at  full-load,  unity  power-factor  =        *^    = 

217  amperes. 

469    ' 
Synchronous  impedance  of  combination  =  — ^  =  2.16  ohms. 

Therefore  the  resultant  voltage  Er  will  force  through  the  arma- 
tures a  synchronizing  current  of 

794 
h  =  oTa  ^  ^^  amperes. 

The  phase  angle  <f>  between  Er  and  Is  depends  upon  the  relation 

of  the  reactance  to  the  resistance  of  the  armature  circuit. 

Thus 

reactance      2  X  10 

tan  ^  =  = =  6 

resistance       2x2 

or 

^  =  78.7°. 

The  angle  6,  the  phase  difference  between  Ea  (the  voltage  across 

160° 
generator  A)  and/^  (the  synchronizing  current)  ==  — 78.7°  =  1.3°. 

The  power  generated  by  alternator  A  equals: 

Pa  =  EaIs  cos  ^ 

=  2300  X368  X  cos  1.3° 
=  846,000  watts 
=  846kw. 

The  power  used  by  B  tending  to  synchronize  B  with  A  equals 

Pb  =  EbIs  cos  (80°  +  78.7°) 
=  2300  X  368  X  cos  158.7° 
=  -  788,000  watts 
=  -  788  kw. 

The  synchronizing  power  which  generator  A  delivers  to  generator 
B  is,  therefore,  788  kw. 
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Thus  generator  A  is  pulled  back  by  846  kw.  and  generator  B  is 
pushed  ahead  by  788  kw.     The  total  PR  loss  is  (846  -  788)  or 

58  kw.     The  power  transferred  thru  bu»-bar8  is  (846  — —]  or 
or  817  kw. 


("'^f) 


Prob.  16-2.  (a)  If  each  lamp  Li  in  Pig.  50  is  rated  220  volts  and 
its  filament  does  not  become  visible  until  the  voltage  reaches  90 
volts,  what  is  the  maximum  phase  difference  that  may  exist  be- 
tween the  two  alternators,  each  generating  220  volts,  while  the 
lamps  Lt  still  appear  to  be  in  their  dark  period  with  Si  closed?  If 
the  switch  Sz  b  closed  when  this  phase  difference  exists  and  each 
alternator  is  100  kv-a.  220  volts,  10  per  cent  reactance  and  1  per 
cent  resistance,  calculate: 

(6)  Synchronizing  current,  in  effective  amperes. 

(c)  Voltage  of  bus-bars. 

{d)  Power  transferred  through  bus-bars  from  one  alternator  to 
the  other. 

Prob.  17-2.  Repeat  calculations  of  Problem  16-2,  on  the 
assumption  that  each  generator  has  a  reactance  of  5  per  cent  and 
a  resistance  of  1  per  cent.  Compare  with  corresponding  results  of 
Problem  16.  By  what  percentage  ia  the  PR  loss  due  to  this  syn- 
chronizing current  increased  by  the  change  of  reactance?  By  what 
percentage  Lb  the  synchronizing  power  increased  or  diminished? 

Prob.  18-2.  Repeat  calculations  of  Problem  16-2,  but  on  the 
assmnption  that  each  generator  has  the  same  impedance  but  only 
half  as  much  reactance.  Compare  with  corresponding  results  of 
Problems  16-2  and  17-2.  By  what  percentage  would  the  armature 
PR  of  these  alternators  be  greater  than  that  of  the  alternators 
in  Problem  12-2,  at  the  same  (rated)  load  in  both  cases? 

23.  Distribution  of  Load  on  Alternators  in  Parallel.    In 

practice,  an  alternator  Ai  would  be  well  loaded  before  Aj  is 
started  and  paralleled  with  it.  Thus,  in  Fig.  69,  Ei  repre- 
sents the  terminal  e.m.f.  of  alternator  Ai,  which  is  delivering 
to  the  external  circuit  a  current  //  at  power-factor  equal  to 
(cos  a).  The  output  of  A i  is  equal  to  {EiW  cos  a)  watts. 
Now  alternator  A  2  is  manipulated  so  as  to  make  its  open- 
circuit  voltage  B2  equal  to  Ei\  and  also  in  synchronism 
and  in  phase  with  E\.    The  main  switch  is  then  closed,  but 
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At  neither  delivers  any  current  or  power,  nor  takes  any.  To 
make  A2  take  some  of  the  load  from  A^  we  let  a  little  more 
steam,  or  water,  or  gas  into  the  prime  mover  which  drives  it, 
as  the  type  may  require.  This  makes  the  power  input 
greater  than  the  losses  in  Ai  and  the  machine  speeds  up,  to 


i«-i 
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Fig.  69.  The  polar  vector  diagram  for  showing  the  result  of  connecting 
a  generator  with  voltage  En  in  parallel  with  a  generator  of  voltage  Ei\ 
when  the  latter  is  already  delivering  a  current  of  //  at  a  power-factor 

of  COS  a. 

absorb  the  excess  as  kinetic  energy.  This  causes  the  vector 
E2  to  advance  on  Ei  to  a  new  phase  relation  represented  by 
E22'  The  angular  advance  <t>  produces  a  resultant  e.m.f. 
Er  in  the  local  circuit  of  the  armatures,  and  this  produces  a 
synchronizing  current  Is,  lagging  $  degrees  behind  Er,  where 
Is  is  defined  completely  as  usual,  by  the  equations: 

total  synchronous  reactance  of  Ai  and  A2  __  X1  +  X2 


tan^= 


total  eflfective  resistance  of  Ai  and  A2      R1  +  R2 


Now  Is  is  the  only  current  flowing  through  A2,  but  in^li, 
we  have  both  Is  and  //  flowing.  The  total  current  in  i4i  is 
the  vector  sum  of  Is  and  //,  or  7i  in  Fig.  69.  The  phase 
angle  between  Is  and  B22  is  less  than  90**;  therefore  A2  is 
acting  as  a  generator  and  is  generating  electric  power  equal  to 

P2  =  E^Is  cos  j8. 

The   addition  of   the   synchronizing   component    {Is)    has 
changed  the  total  current  (/i)  carried  by  ili  to  less  than  what 
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it  was  (7i')  before  the  adjustment  of  A2*  Moreover,  it  has 
changed  the  phase  angle  between  Ei  and  the  current  in  ^1, 
to  a  value  (7)  which  is  greater  than  what  previously  was  (a). 
For  these  two  reasons,  the  total  power  output  from  the  ter- 
minals of  Ai  is  less  than  it  was  before  the  adjustment  of  At. 
That  is: 

{El  1 1  cos  7)  is  less  than  {Eili  cos  a). 

Thus  it  appears  that  letting  more  power  into  the  engine 
which  drives  Ai  has  taken  some  load  off  Ai  and  has  put  it 
on  A2.  As  the  load  comes  on  A2,  it  produces  a  resisting 
torque  which  opposes  the  increase  of  speed  that  started  the 
readjustment.  Therefore  the  speed  will  increase  only  enough 
to  cause  A2  to  take  on  a  load  sufficient  (together  with  the 
losses  in  A2)  to  equal  the  increased  input  to  A2.  When  this 
state  has  been  reached,  the  increase  of  speed  (started  by 
opening  the  throttle-valve  of  the  prime  mover)  is  arrested 
and  we  have  equilibrium,  with  a  steady  load  and  current  in 
each  alternator. 

The  total  current  output  of  both  alternators  (Ji  ©  It) 
should  now  be  the  same  as  the  current  (Ii)  which  was 
delivered  by  Ai  alone  before  A2  was  paralleled. 

This  can  be  shown  by  combining  /2  (=  Is)  vectorially  with  7i. 
We  find  that  the  resultant  coincides  with  //.  Of  course  it  is  neces- 
sary to  reverse  the  vector  Oh  before  combining  it  with  O/i,  because 
in  Fig.  69  the  vectors  relating  to  A2  have  been  reversed  in  order  to 
make  them  show  conditions  with  relation  to  the  local  circuit  of  the 
armatures  of  which  the  positive  directions  are  opposite,  whereas  now 
we  desire  to  know  conditions  with  relation  to  the  bus-bars,  the  posi- 
tive direction  of  which  is  the  same  as  that  through  both  armatures. 

To  avoid  confusion  of  lines.  Fig.  69  has  not  been  made  entirely 
complete.  The  production  of  current  in  A2  causes  a  voltage  drop 
in  the  armature,  which  makes  the  terminal  voltage  differ  from  En, 
as  to  both  value  and  phase.  The  change  in  the  value  and  in  power- 
factor  of  the  current  in  Ai  causes  a  change  in  the  voltage  drop  within 
this  armature,  so  that  the  terminal  voltage  of  Ai  becomes  different 
from  El  as  to  both  value  and  phase.  The  currents  will  continue 
to  change,  and  equilibrium  wiU  not  be  reached,  until  both  the  terminal 
voltages  and  the  frequencies  have  become  absolutely  equal. 
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Prob.  1^2.  Each  of  the  single-phafie  alternators  shown  in  Fig. 
50  is  rated  100  kv-a.,  220  volts,  and  each  generates  a  practically 
harmonic  e.m.f.  wave.  Each  has  a  resistance  of  2  per  cent  and  a 
''sustained"  short-circuit  current  five  times  normal  full-load  cur- 
renty  when  the  field  current  is  such  as  will  produce  220  volts  at  ter- 
minals on  full  non-inductive  load.    Calculate: 

(a)   The  synchronous  impedance,  in  ohms. 

(6)  The  effective  resistance  of  the  armature,  in  ohms. 

(c)  The  S3mchronous  reactance,  in  ohms. 

Prob.  20-2.  Alternator  Ai,  Prob.  19,  is  "delivering  125  per  cent 
of  its  rated  full-load  kv-a.  to  an  external  circuit  at  220  volts  and  87 
per  cent  power-factor.  Alternator  A2  is  synchronized  perfectly, 
and  connected  in  parallel  to  the  bus-bars.  Draw  a  vector  diagram 
similar  to  Fig.  69,  showing  this  condition  of  affairs.  From  the 
resistance  and  reactance  of  Ai  and  the  ciirrent  flowing  in  it,  locate 
the  vector  representing  its  total  induced  e.m.f.,  or  excitation 
voltage  on  this  vector  diagram. 

Prob.  21-2.  Now  let  the  driving  force  behind  A2  in  Problem 
20-2  be  increased  enough  to  advance  the  vector  of  its  induced  e.m.f. 
by  10  electrical  degrees  (that  is,  0  =  10°  in  Fig.  69).  Assume 
that  the  amount  of  current  delivered  to  the  external  load  and  its 
phase  relation  to  the  induced  e.m.f.'s,  and  the  induced  voltage  of 
both  generators,  remain  unchanged.  Calculate  for  the  instant  be- 
fore any  adjustment  of  phase  occurs: 

(a)  The  current  flowing  in  Ag. 

(6)   The  current  flowing  m  Ai, 

(c)   The  power  generated  in  A2. 

(jd)  The  power  generated  by  Ai.  Draw  these  ciurent  vectors  on 
the  vector  diagram  of  Problem  20. 

Prob.  22-2.  On  the  vector  diagram  similar  to  Fig.  69  repre- 
senting conditions  of  Problem  21  add  to  ^22  the  reactions  due  to  /s, 
and  thus  find  the  vector  representing  terminal  voltage  of  generator 
A2.  Notice  that  this  is  not  equal  to  the  terminal  e.m.f.  of  A 1,  as  it 
was  before  the  redistribution  of  load.  Show  how  the  terminal 
e.m.f .  of  Ai  becomes  equal  to  that  of  A2. 

Prob.  28-2.  The  two  alternators  specified  in  Problem  19  are 
operating  together  in  parallel  each  loaded  to  rated  kilovolt-amperes 
at  87  per  cent  power-factor,  the  external  load  being  200  kv-a.  at 
220  volts  and  87  per  cent  power-factor.  Draw  the  complete  vector 
diagram  showing  terminal  and  induced  e.m.f.  and  armature  current 
in  each  alternator,  and  total  current  delivered  from  bus-bars. 
Calculate: 
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(a)  The  value  of  generated  e.m.f.  by  S3mchronous  impedance 
method. 

(6)  The  value  of  the  synchronizing  component  of  armature  cur- 
rent, in  amperes. 

24.  Goveming.  Speed  Regulation.  Load  Distribution. 
We  have  just  seen  that  in  order  to  increase  the  load  on 
an  alternator  which  is  operating  in  parallel  with  others,  we 
must  adjust  the  prime  mover  which  drives  this  alternator 
so  as  to  make  it  push  harder.  The  converse  of  this  is 
also  true;  if  we  desire  to  decrease  the  load  on  this  alternator 
we  reduce  or  throttle  the  power  supplied  to  drive  it,  or  make 
the  adjustment  which  would  reduce  the  speed  of  the  alter- 
nator if  it  were  operating  alone.  But  as  soon  as  A2  begins 
to  fall  behind  Ai,  or  lag  in  phase,  a  resultant  e.m.f.  and  a 
synchronizing  current  are  produced  in  the  circuit  of  the 
armatures.  This  synchronizing  current  represents  motor 
action  in  the  lagging  machine  and  generator  action  in  the 
leading  machine  (see  Art.  22).  The  resultant  of  these 
actions  and  the  load  currents  already  flowing  in  the  arma^ 
tures  is  to  reduce  the  generator  action  or  electrical  power 
output  of  the  alternator  whose  prime  mover  was  throttled 
down,  and  to  increase  correspondingly  the  generator  action 
and  electrical  output  of  the  other  alternator.  The  throttled 
generator  will  continue  to  fall  behind  (as  to  phase,  but  not 
as  to  speed),  and  the  synchronizing  component  of  current 
will  continue  to  grow,  until  the  load  on  this  alternator  (plus 
the  losses)  is  reduced  to  just  equal  the  power  received  from 
the  prime  mover.  Then  the  alternator  will  cease  falling 
behind  and  the  currents  and  power  outputs  of  the  alternators 
will  be  steady. 

In  most  power  plants,  the  prime  mover  driving  each 
alternator  has  its  own  governor,  or  device  to  keep  the  speed 
"constant"  by  shutting  off  automatically  the  supply  of 
steam-  or  gas-  or  water-power  as  the  load  on  the  alternator 
is  reduced,  or  increasing  the  power  supply  as  the  load  on  the 
alternator  is  increased.    This  is  necessary  if  the  units  are 


ALTERNATORS:    PARALLEL  OPERATION 


103 


ever  to  be  operated  singly  and  without  constant  attention. 
A  governor  is  not  "stable"  or  safe  unless  some  increase  of 
speed  is  necessary  to  reduce  the  power  supply  and  some 
decrease  of  speed  to  increase  the  power  supply.  Now  sup- 
pose that  the  governor  controlling  the  speed  of  A2  has  a 
speed  regulation  of  2  per  cent,  or  allows  the  speed  to  rise  to 
102  per  cent  of  the  full-load  speed  when  the  load  is  reduced 
from  rated  full-load  (of  1000  kv-a.,  non-inductive)  to  zero- 
load.    And  suppose  the  governor  controlling  the  speed  of 
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Fig.   70.     The  relation  between   output   and   speed  of  generators 

A\  and  A%. 

A\  has  a  speed  regulation  of  4  per  cent,  and  the  rated  full-load 
is  the  same  as  for  A2. 

If  the  speed  of  each  unit  varies  in  exact  proportion  to  the 
load,  we  have  conditions  as  represented  in  Fig.  70.  Thus, 
at  100  per  cent  of  rated  load  and  speed,  A\  and  A2,  each 
delivers  1000  kw.,  and  the  total  load  is  2000  kw.;  at  101  per 
cent  of  rated  speed,  A\  delivers  750  kw.  and  A2  delivers 
500  kw.,  the  total  load  now  being  (750  +  500  =  1250)  kw. 
Proceeding  in  this  way,  we  get  the  data  from  Fig.  70  by 
which  to  plot  curves  as  in  Fig.  71,  showing  the  distribution 
of  load  between  A\  and  A^  at  various  values  of  total  load  on 
the  bu&-bars.  From  this  it  appears  that  the  unit  having 
the  better  speed  regulation  (A2)  drops  load  faster  while  the 
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total  load  is  being  reduced,  and  takes  on  load  faster  when 
the  total  load  is  being  increased.  Two  units  operating  in 
parallel  will  keep  the  load  more  nearly  proportionally  divided 
between  them  for  all  values  of  total  load,  when  their  speed 
regulation  is  more  nearly  the  same.     It  is  generally  found 


800     1200     IGOO     aOOO     8400     2800     3S0O    3600    4000 
Total  Kilowatts  output  to  bus  bars 

Fig.  71.    Relation  between  total  output  to  bus-bars  and  the  output  of 
each  generator.    These  curves  are  obtained  from  those  in  Fig.  70. 

that  a  closer  speed  regulation  than  4  per  cent  is  undesirable 
for  alternators. 

When  the  switchboard  operator  desires  to  make  A2  take 
a  larger  share  of  the  load  than  the  automatic  action  of  its 
governor  permits  it  to  take,  he  adjusts  the  governor  in  a  way 
which  would  make  the  unit  run  at  a  higher  speed  if  it  were 
operating  alone.  As  has  been  seen,  when  the  alternator 
attempts  to  run  faster  it  automatically  takes  on  enough  more 
load  to  prevent  its  speed  from  increasing;  its  rotor  merely 
forges  ahead  slightly  relative  to  the  other  rotor  but  continues 
to  rotate  at  practically  the  same  speed  as  before. 
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Prob.  24-2.  The  speed  regulation  of  the  prime  mover  driving 
alternator  At  in  Problem  23-2  is  1  per  cent  and  that  of  At  is  if 
per  cent.  Rated  full-load  of  each  prime-mover  is  considered  to  be 
100  kv-a.  at  87  per  cent  power-factor,  from  the  alternator. 

(a)  Draw  curves  similar  to  Fig.  70  and  71,  showing  relation 
between  total  kilowatts  and  kilowatts  delivered  by  each  alternator. 
Use  a  large  scale  for  speed. 

(6)  At  what  per  cent  of  rated  load  kw.  is  each  unit  working  in 
Prob.  23? 

Prob.  26-2.  (a)  When  the  total  load  is  reduced  to  100  kv-a., 
still  at  87  per  cent  power-factor,  what  kw.  is  each  alternator  of 
Problem  24  delivering? 

(6)  If  the  terminal  voltage  were  kept  constant  by  a  regulator, 
what  would  be  the  load  component  of  current  in  each  armature? 

(c)  The  regulator  used  also  adjusts  the  field  excitations  and  gen- 
erated voltages  so  that  the  power-factor  of  each  armature  is  the 
same  as  that  of  the  load.  Draw  a  complete  vector  diagram  for  this 
condition,  showing  bus-bar  e.m.f.,  current  output  from  each  alter- 
nator, XI  and  RI  drops  in  each  armature  and  generated  e.m.f.  in 
each  armature. 

26.  Field  Excitation  Controls  Power-Factor  but  not 
Load  Distribution.  It  should  be  clearly  understood  that 
the  adjustment  of  the  field  excitation  does  not  control  the 
distribution  of  load  between  alternators  in  parallel.  Such 
adjustment  affects  mainly  the  reactive  component  of  current 
flowing  through  each  armature,  by  means  of  the  s3mchroniz- 
ing  current,  and  merely  changes  the  power-factor  of  the 
generators.  This  is  shown  in  Fig.  72-75,  which  represent 
relations  in  two  ^gle-phase  generators,  or  in  corresponding 
phases  of  two  similar  polyphase  generators.  The  constants 
used  are  as  follows: 

Volts  induced  in  one  phase  of  each  generator  (initially) 
=  2000. 

Amperes  delivered  from  one  phase  of  each  generator  to 
load  =  100. 

Phase  difference  between  load  current  and  induced  volts, 
in  one  phase  of  each  generator  equals  30°,  or  power- 
factor  of  entire  circuit  in  each  phase  =  87  per  cent. 
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Synchronous  reactance  of  one  phase  of  each  generator  ^ 

2.0  ohms. 
Effective  resistance  corresponding  =  0.2  ohm. 

Fig.  72  refers  to  the  two  alternators  together,  or  to  the 
bus-bars.    In  Fig.  73  the  vectors  of  A^  have  been  reversed 

-*-E=2ooo    to  illustrate  the  phase  relations 

m  the  local  armature  circuit 

formed  by  this  phase  of  At 

and  Ai.    We  now  increase  the 

I«a»amp.   induced  e.m.f.  of  A%  by  10  per 

^1  '^^'a  '^  """f^"  ^  repre8eiit8   ^^^  ^^j^j      j^  2200  volts.     As 
the  induced  voltage  of  each  gen-     i  •     tv      ^j  i 

erator  with  respect  to  the  bus-  ^^^"^  ^»  ^^8'  ^^>  ^^  ^^^^  * 
bars.  /  represents  the  current  resultant  e.m.f.  Er  =  200  volts, 
delivered  by  both  generators  which  produces  a  nearly  re- 
together,  active  synchronizing  current 
(Is)  of  almost  50  amperes.  The  total  current  flowing  in  At 
is  now  It  and  in  Ai  it  is  now  //. 

By  this  adjustment  of  the  field  excitation  of  At,  we  have 
reduced  the  reactive  component  and  also  the  total  value  of 
current  in  Ai,  and  have  raised  the  power-factor  of  Ai  to 
practically  100  per  cent.    On  the  other  hand,  we  have  in- 
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FiQ.  73.    The  currents  and  voltages  of  Fig.  72  are  here  drawn  with 

respect  to  the  circuit  between  armatures. 

creased  the  reactive  component  and  total  value  of  the  current 
in  Ati  and  have  reduced  the  power-factor  of  A2.  In  other  words, 
this  adjustment  has  merely  shifted  the  reactive  component  of 
the  load  current  from  one  alternator  to  the  other;  it  has  not 
aJtered  the  load  distribution,  because  the  power  component 
of  It  is  practically  the  same  as  that  of  It,  and  the  power 
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component  of  //  is  practically  the  same  as  that  of  Ii.    In 
Fig.  75,  we  have  reversed  /2^  so  as  to  make  the  diagram  refer 


(Ii-ioo)'s 


Ei=2800 


^E£*»000 


If  100 


Fig.  74.  The  e.m.f.  of  At  has  been  increased  to  2200  by  field  adjust- 
ment. The  current  from  generator  A|  becomes  //  and  from  genera- 
tor As,  It. 

again  to  the  bus-bars  (as  in  Fig.  72),  instead  of  to  the  local 
armature  circuit;  it  is  seen  that  the  resultant  of  //  and  I^'f 
or  the  total  current  (/)  de- 
livered by  both  machines  to    »^   ♦„  jfl m — ^E«8000 

the  load,  remains  exactly  the 
same  as  it  was  before  the 
fields  were  adjusted. 
26.  Control  of  Frequency  l^ 1=200 

and  Voltage  of  Bus-bars.     If  Fig.  75.    The  vectors  of  Fig.  74  are 
the  bus-bar  frequency  hap-      here  drawn  with  respect  to  the 


bus-bars  instead  of  with  respect  to 
the  armature  circuits.  Note  that 
/  and  E  are  exactly  as  in  Fig.  72. 


pens  to  be  low,   we   must 

adjust  the  governors  of  all 

the  engines  correspondingly. 

Adjustment  of  any  one  governor  will  merely  cause  this 

alternator  to  pick  up  more  load;  it  would  take  on  the  entire 

load  of  the  station  (which  would  usually  be  enough  to  injure 

it),  before  the  frequency  of  the  bus-bars  would  be  raised 

appreciably. 

If  the  voltage  of  the  bus-bars  is  low,  we  must  adjust  the 
field  excitation  of  every  alternator  correspondingly,  unless 
we  desire  to  shift  the  reactive  component  from  one  alternator 
to  another.    We  can  see  from  Fig.  74  that  further  adjust- 
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ment  of  the  excitation  of  either  alternator  would  be  too  much 
as  it  would  increase  the  total  reactive  current  in  both  of  them, 
causing  the  average  power-factor  of  the  generators  to  be 
lower  than  that  of  the  load,  with  consequent  reduction  of 
useful  capacity. 

27.  Disconnecting  Alternator  from  Bus-bars.  When  the 
kilovolt-ampere  load  on  the  bus-bars  has  decreased  so  that  one 
of  the  parallel  generating  units  can  be  stopped  without  over- 
loading the  alternators  that  remain,  we  must  consider  the  best 
manner  of  doing  this.  Any  kind  of  switch  is  likely  to  be 
injured  if  opened  when  a  heavy  current  is  flowing  through  it, 
and  particularly  when  the  voltage  of  the  circuit  is  high.  The 
bad  effects  seem  to  increase  in  some  relation  to  the  kilovolt- 
amperes  removed  from  the  circuit  by  the  opening  of  the  switch. 
They  are  of  all  degrees  of  seriousness,  from  mere  roughening 
of  the  contact  surfaces  and  carbonization  of  the  oil  (in  which 
the  break  is  usually  immersed),  to  distortion  and  breakage 
of  the  switch  parts,  throwing-out  of  oil,  and  sometimes 
violent  explosion  of  the  switch  when  opening  a  short-circuit. 

To  remove  an  alternator  smoothly  from  parallel  operation, 
we  first  decrease  the  power  supply  to  the  engine  driving  it 
(by  closing  the  throttle-valve  or  by  adjusting  the  governor 
in  the  direction  of  a  lower  speed),  until  the  wattmeter  in  the 
circuit  of  this  armature  shows  that  the  alternator  is  delivering 
practically  zero  power.  If  the  ammeters  now  indicate  any 
current  through  this  armature,  it  must  be  reactive  or  quad- 
rature current,  and  as  such  it  may  be  reduced  to  zero  value 
by  adjusting  the  field  current  of  this  alternator.  When  the 
wattmeter  and  ammeters  all  indicate  nearly  zero,  the  switch 
may  be  opened  without  injury.  Finally,  after  being  dis- 
connected from  the  electrical  circuit,  the  alternator  may  be 
brought  to  rest  by  completely  shutting  off  its  supply  of 
steam  or  motive  power. 

28.  The  Synchronous  Motor.  If  the  supply  of  steam 
or  other  power  to  the  engine  is  shut  off  while  the  alternator 
is  still  connected  to  the  bus-bars  (on  which  other  alternators 
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are  operating  in  parallel),  the  unit  will  not  stop  but  will 
continue  to  rotate  at  exactly  synchronous  speed,  taking 
enough  power  from  the  other  alternators  through  the  bus- 
bars to  supply  all  of  its  losses.  The  alternating-current 
generator  has  in  fact  simply  become  a  "synchronous  motor." 
Any  alternator  may  be  used  in  this  way  as  a  synchronous 
motor;  it  is  merely  a  matter  of  changing  its  function,  and 
not  its  construction.  However,  some  synchronous  motors 
intended  for  use  only  as  ''  synchronous  condensers "  to 
correct  the  power-factor  of  circuits,  have  a  lighter  and 
cheaper  construction  than  S3mchronous  machines  intended  to 
transform  mechanical  power  to  electrical  power  or  vice  versa. 
The  action  of  the  synchronous  motor  may  be  understood 
readily  from  Fig.  65,  if  we  consider  that  the  mechanical 
driving  power  to  A2  has  been  removed.  The  losses  in  the  A2 
unit  compel  it  to  slow  down,  but  instantly  this  causes  it  to 
fall  behind  Ai  in  phase;  a  resultant  e.m.f.  Er  is  thereby 
produced  in  the  circuit  of  the  armatures,  which  causes  a 
current  J5  to  be  delivered  to  A2  by  the  other  alternator. 
This  synchronizing  current  1 3  has  such  phase  relation  to  £1 
and  Et  that  it  produces  strong  motor  action  in  A2,  tending 
to  prevent  it  from  slowing  down.  When  the  rotor  At 
reaches  a  position  far  enough  behind  the  other  rotors  to 
cause  it  to  take  in  enough  electrical  power  to  equal  its  total 
losses,  there  is  equilibrimn  between  input  and  losses,  and* 
consequently  no  further  tendency  for,  A2  to  fall  behind.  It 
therefore  continues  to  rotate  at  synchronous  speed.  We 
might  even  put  a  pulley  on  the  shaft  of  A2  and  make  it 
deUver  mechanical  power  to  some  other  machine.  This 
would  cause  it  to  fall  back  a  little  fiuther,  as  shown  in  Fig. 
76,  from  E2  to  E2".  In  consequence,  Er  would  be  in- 
creased to  Er'',  and  /s  (  =  ^1  would  be  increased  proportion- 

ally  from  J2'  to  W>    The  mechanical  power  or  motor  action 
developed  in  A2  is  increased,  as  it  is  evident  that 

{El"  X  I2'  X  cosine  of  angle  between  £2"  and  W) 


110  ALTERS ATINCHJURRENT  ELECTRICITY 

is  greater  than 

{E2  X  h'  X  cosine  of  angle  between  E^'  and  I2). 

The  rotor  of  Aj  would  continue  to  fall  behind  until  the  value 
of  electrical  input  {E^'h'*  X  cos  angle  between  E^'  and  72") 
has  become  equal  to  the  output  plus  the  losses,  and  then  it 
will  continue  to  rotate  steadily  in  synchronism. 

^'L < 


Eg  falUaar  behind  El 

Fig.  76.    As  more  mechanical  power  is  taken  from  At  the  voltage  ^t 
drops  back  to  Et*  and  current  increases  from  1%  to  It 
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29.  Leading  Currents  in  Parallel  Alternators.  Synchro- 
nous Condenser.  When  the  field  of  one  of  the  alter- 
nators is  "over-excited,"  or  is  generating  a  higher  e.m.f. 
than  that  induced  in  the  other  alternator,  the  synchronizing 
current  is  nearly  in  quadrature  with  the  induced  e.m.f.  of 
both  alternators.  Thus,  in  Fig.  64  we  see  that  the  current 
Is  which  circulates  between  the  alternators  whose  e.m.f.'s  are 
unequal,  lags  nearly  90°  behind  the  e.m.f.  of  the  over- 
*  excited  alternator,  and  leads  the  e.m.f.  of  the  under-excited 
alternator  by  nearly  90°.  We  may,  therefore,  cause  an 
aJtemator  to  deliver  leading  currents  by  paralleling  another 
alternator  with  it,  and  raising  the  field  excitation  of  the 
latter.  It  is  usually  more  convenient  to  remove  the  driving 
power  from  this  second  alternator,  allowing  it  to  operate  as 
a  synchronous  motor.  By  this  method,  large  leading  cur- 
rents can  be  produced  much  more  cheaply  than  by  ordinary 
condensers.  This  so-called  ''  synchronous  condenser  "  is  now 
much  used  for  improving  the  power-factors  of  generating 
plants  and  transmission  systems  which  are  required  to  deliver 
large  amounts  of  quadrature  current. 


SUMMARY   OF   CHAPTER  U 

ALTERNATORS  MAY  SAFELY  BE  CONNECTED  IN 
PARALLEL  when: 

(a)  Their  tenninal  e.m.f.'s  are  equal  to  one  another  at 
every  instant.    This  means 

(i)  The  frequencies  of  all  are  the  same. 

(2)  The  e.m.f.'s  are  all  in  phase. 

(3)  The  wave-forms  are  the  same. 

(b)  Similar  terminals  are  connected  together. 
Synchronizing  lamps  are  used  to  indicate  when  the  conditions 

in  two  generators  are  such  that  they  may  safely  be  connected  in 
IMiralleL 

(a)  If  a  lamp  becomes  light  and  dark  alternately,  it  indicates 
that  the  frequencies  of  the  two  alternators  are  different. 

(b)  If  lamps  remain  dark,  it  means  that: 

(i)  Either  the  alternators  have  the  same  effective  volt- 
age, are  in  phase,  and  in  synchronism, 

(2)  Or  one  of  the  lamp  filaments  is  broken.  Raise 
speed  of  one  machine  slightly  to  test  this. 

(c)  If  the  lamps  remain  light,  it  means  that: 

(i)  Either  the  e.m.f.'s  have  different  effective  values, 
but  are  in  phase  and  in  synchronism. 

(2)  The  e.m.f.'s  have  greatly  different  frequencies. 

(3)  Or  the  alternators  are  in  synchronism  but  out  of 
phase. 

A  SYNCHRONIZING  CURRENT  flows  between  two  gen- 
erators connected  in  parallel,  if  their  e.m.f.'s  do  not  fulfill  the 
above  conditions  for  parallel  operation.  This  synchronizing 
current  tends  to  bring  the  two  e.m.f.'s  into  the  proper  relation. 

THE  SYNCHRONIZING  POWER  is  the  power  transferred 
from  one  machine  to  the  other  by  means  of  the  synchronizing 
current  It  is  given  by  the  faster  generator  to  the  slower  gen- 
erator and  by  means  of  its  motor  action  increases  the  speed  of 
the  slower  or  lagging  generator.  A  high  reactance  in  the  ar- 
mature circuit,  even  though  it  produces  a  poor  regulation,  is 
dedrable  because  it  increases  this  synchronizing  power  by 
raising  the  power-factor,  and  reduces  hunting. 

Ill 
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WHEN  A  SPARE  ALTERNATOR  IS  SWITCHED  IN,  its 
e.m.f.  is  equal  to  the  e.m.f.  of  the  bus-bars  and  in  synchronism 
with  it.  The  speed  of  the  prime  mover  is  then  increased,  wliich 
increases  the  speed  of  the  spare  alternator  and  advances  its 
phase  relation  and  ■  causes  a  synchronizing  current  to  flow 
through  the  armatures  of  all  the  machines  on  the  bus-bars. 
The  resultant  of  this  synchronizing  current  and  the  current 
which  each  generator  is  delivering  will  be  smaller  than  the 
original  )current8  delivered  by  the  several  generators,  the  phase 
difiference  between  the  resulting  current  and  the  e.m.f.'s  of  the 
generators  will  be  greater  and  therefore  the  power-factors  will 
be  less.  Accordingly,  these  generators  are  delivering  less 
power  to  the  bus-bars  than  before  the  spare  generator  was 
thrown  in.  The  synchronizing  current  is  the  only  current  de- 
livered by  the  spare  generator.  If  no  change  is  made  in  the 
current  drawn  from  the  bus-bars,  the  vector  sum  of  the  cur- 
rents in  the  individual  armatures  remains  the  ^same  as  before 
the  spare  generator  was  added,  the  decrekse  id  power  from  the 
original  generators  being  equal  to  the  power  delivered  by  the 
spare  generator. 

AN  AUTOli^TIC  GOVERNOR  ON  THE  PRIME  MOVER 
decreases  the  power  supply  when  the  load  on  a  generator  con- 
nected to  it  falls  off  and  the  speed  increases.  This  causes  the 
speed  increase  to  be  very  small,  although  there  must  be  some  in- 
crease in  order  to  operate  the  governor.  The  better  the  regula- 
tion of  a  prime  mover,  the  greater  the  share  it  will  take  when 
the  total  load  is  increased,  and  the  smaller  the  share  it  will  take 
when  the  load  is  decreased.  Hence  prime  movers  of  parallel 
generators  should  have  nearly  the  same  speed  regulation. 

IN  ORDER  TO  CAUSE  A  CERTAIN  ALTERNATOR  TO 
TAKE  A  CERTAIN  SHARE  OF  THE  LOAD,  the  governor  on 
the  prime  mover  is  adjusted  by  hand  in  a  way  which  would  cause 
it  to  run  at  a  higher  speed  if  it  were  operating  alone.  The 
alternator  forges  ahead  and  slightly  advances  the  phase  of  its 
e.m.f.  which  causes  it  to  take  a  larger  share  of  the  load.  IN- 
CREASING THE  FIELD  OF  A  GENERATOR  TO  RAISE  ITS  VOLT- 
AGE WILL  NOT  CAUSE  THE  GENERATOR  TO  TAKE  A  GREATER 

SHARE  OF  THE  LOAD,  it  merely  changes  the  phase  relation  be- 
tween the  currents  and  e.m.f.'s  of  the  several  alternators. 

TO  RAISE  THE  VOLTAGE  OF  THE  BUS-BARS,  the  field 
strength  of  all  the  generators  must  be  increased. 

TO  RAISE  THE  FREQUENCY  OF  THE  BUS-BARS,  the 
speed  of  all  the  alternators  must  be  increased. 
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TO  DISCONNECT  AN  ALTERNATOR  FROM  THE  BUS- 
BARS, decrease  the  power  from  the  prime  mover  until  the 
wattmeter  shows  that  the  generator  is  delivering  practically  no 
power.  Then  adjust  the  field  current  until  the  ammeter  shows 
no  current  through  the  armature  of  the  alternator ;  open  switches 
and  shut  off  all  power  from  the  prime  mover. 

AN  ALTERNATOR  WILL  CONTINUE  TO  ROTATE  AS  A 
SYNCHRONOUS  MOTOR  if»  when  running  as  a  generator  in 
parallel  with  other  generators,  the  power  is  shut  off  from  its 
prime  mover  and  it  remains  connected  to  the  bus-bars. 

OVER-EXCITING  THE  FIELDS  OF  A  SYNCHRONOUS 
MOTOR  causes  it  to  take  currents  which  are  leading  with 
respect  to  the  e.m.f.  of  the  line  and  thus  improves  the  power- 
factor  of  a  line  supplying  lagging  loads.    When  so  used  the 

is  called  a  STIf  CHRONOUS  CONDENSER. 


PROBLEMS   ON   CHAPTER   U 

Note.  In  some  of  the  following  problems,  graphical  solutions  are 
much  more  convenient  than  trigonometric  or  algebraic  solutions.  The 
graphical  solution  is  permissible  if  the  drawing  be  made  to  such  large 
scale  that  any  desired  quantity  may  be  scaled  off  with  engineering 
accuracy. 

Prob.  31^2.  A  direct-current  shunt  generator  rated  100  kw., 
220  volts  is  operated  in  parallel  with  another  rated  200  kw.,  220 
volts.  The  voltage  regulation  of  both  generators  is  4  per  cent. 
Draw  curves  using  amperes  in  external  circuit  as  abscissas,  and  as 
ordinates  the  following: 

(a)  Amperes  in  100-kw.  generator. 

(6)  Amperes  in  200-kw.  generator. 

(c)  Terminal  voltage. 

The  external  load  varies  from  300  kw.  at  220  volts,  to  zero-load. 
Assume  that  the  voltage  drop  is  exactly  proportional  to  armature 
current  in  each  generator,  and  that  they  share  the  load  properly 
at  full  load. 

Prob.  27-2.  The  100-kw.  d-c.  generator  of  Problem  26  operates 
in  parallel,  with  a  200-kw.  220- volt  generator  having  a  2  per  cent 
voltage  regulation.  Draw  curves  similar  to  those  for  Problem  26. 
Carry  the  total  load  to  450  kw. 

Prob.  26-2.  If  the  two  d-c.  generators  are  adjusted  to  take 
thdr  respective  rated  full-loads  when  operating  in  parallel,  at  rated 
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voltage,  what  would  be  their  respective  open-circuit  or  zero-load 
voltages  when  cut  apart? 

(a)  In  Problem  26? 

(6)  In  Problem  27? 

Prob.  29-2.  While  the  generators  of  Problem  27  are  operating 
in  parallel  at  220  volts,  both  adjusted  so  as  to  be  fully  loaded,  a 
sudden  overload  comes  on  the  bus-bars,  increasing  the  external 
current  to  200  per  cent  of  normal,  (a)  What  per  cent  overload  does 
each  generator  assume?  (6)  By  what  percentage  is  the  rate  of  heat 
development  (J^R)  in  its  armature  increased  above  normal  rate? 
Assume  curve  between  terminal  volts  and  armature  current  to  be 
a  straight  line  for  each  generator. 

Prob.  30-2.  What  difference  between  the  voltages  of  A\  and 
As  (expressed  in  per  cent  of  their  rated  voltage)  is  sufficient  to  make 
the  synchronizing  current  alone  of  Fig.  50  equal  to  rated  full-load 
current,  the  e.m.f.'s  being  exactly  in  phase?  Each  alternator  is 
rated  100  kv-a.  220  volts,  and  has  a  resistance  of  1  per  cent  and 
a  reactance  of  10  per  cent. 

Prob.  31-2.  When  this  difference  (specified  in  Problem  30-2) 
exists  between  the  effective  values  of  E\  and  ^i,  what  is  the  PR 
loss  and  the  power  developed  in  each  armature  by  the  synchro- 
nizing current  at  the  moment  of  closing  the  switches,  expressed 
as  percentage  of  the  values  of  these  quantities  at  rated  fuU-load 
(non-inductive)?  The  machines  are  otherwise  not  loaded  and  the 
average  of  their  voltages  is  equal  to  the  normal  induced  voltage. 

Prob.  32-2.  An  alternator  rated  500  kv-a.  is  operating  in  par- 
allel with  another  rated  1000  kv-a.  Switchboard  instruments  show 
that  the  former  is  carrying  400  kw.  load  at  95  per  cent  power-factor 
lagging,  while  the  latter  is  candying  600  kw.  at  65  per  cent  power- 
factor  lagging.    Each  prime-mover  has  5  per  cent  speed  regulation. 

(a)  Why  is  this  not  the  best  operating  condition? 

(6)  What  adjustments  should  be  made? 

(c)  After  these  adjustments  have  been  made,  what  should  be  the 
load  in  kilowatts  on  each  generator,  and  its  power-factor  in  per 
cent? 

(d)  What  is  the  power-factor  of  the  load  on  bus-bars,  and  its 
total  value  in  kilovolt-amperes? 

Prob.  33-2.  In  order  to  distribute  the  load  in  proportion  to 
the  rated  capacities  of  the  alternators  in  Prob.  32,  and  to  keep  the 
bus-bar  frequency  at  60  cycles  per  second,  by  what  amoimt  must 
the  mean  turning  effort  of  each  prime  mover  be  increased  or  di- 
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minished,  expressed  in  terms  of  (a)  pound-feet,  (6)  per  cent  of  the 
former  value. 

Note.  The  500  ky-a.  machine  has  8  poles  and  the  1000  kv-a.  machine 
has  10  poles. 

Prob.  34-2.  The  bus-bar  pressure  in  Prob.  32  is  2300  volts, 
three-phase,  as  rated.  Each  (delta-connected)  alternator  has  2  per 
cent  resistance,  and  sjrnchronous  reactance  40  per  cent.  Draw 
two  complete  vector  diagrams  illustrating  conditions  before  read- 
justment, one  with  reference  to  the  common  bus-bar  voltage,  the 
other  with  reference  to  the  local  circuit  between  the  two  arma- 
tures.   Calculate  therefrom  the  following  quantities: 

(a)  Total  kilovolt-amperes  delivered  by  each  alternator. 

{b)  Amperes  per  terminal  delivered  by  each  alternator. 

(c)  Voltage  that  would  be  delivered  between  terminals  of  each 
alternator  if  disconnected  from  the  bus-bars. 

Prob.  36-2.  Repeat  the  diagrams  and  solutions  of  Prob.  34,  for 
the  conditions  existing  after  readjusting  the  alternators  so  that  they 
both  operate  at  the  same  power-factor  as  the  total  load  on  bus-bars, 
and  divide  the  total  power  (kw.)  in  proportion  to  their  rated  capa- 
cities.   Bus-bar  voltage  kept  at  2300. 

Prob.  35-2.  Two  parallel  alternators  having  constants  as  in 
Prob.  34,  together  carry  the  same  total  load  as  in  Prob.  32.  How- 
ever, by  manipulation  of  field  currents  the  larger  machine  is  made 
to  deliver  its  full  rated  load  of  1000  kv-a.  to  the  bus-bars  at  2300 
volts.  Neglecting  the  effect  of  the  internal  power  losses  in  the 
alternators  upon  the  distribution  of  load  between  them  and  upon 
the  speed  of  the  engines,  calculate: 

(a)  Power  factor  of  each  alternator,  in  per  cent. 

(6)  Increase  or  decrease  of  useful  flux  or  total  induced  e.m.f.  of 
each  alternator,  as  per  cent  of  corresponding  value  from  Prob.  34. 

Prob.  37-2.  Two  alternators  having  constants  as  in  Prob.  34, 
operate  as  in  Prob.  32  before  the  readjustment  was  made.  Draw  a 
vector  diagram  to  show  the  effects  of  altering  the  steam  supply 
to  both  prime  movers  by  such  amount  that  the  same  total  kilowatts 
is  equally  divided,  and  the  frequency  is  not  altered.  Neglect  the 
power  lost  in  the  alternators.  The  fields  are  readjusted  so  as  to 
give  each  alternator  the  same  power  factor  as  the  total  load,  and  the 
same  bus  voltage  of  2300.  Calculate:  (a)  Change  of  phase  angle 
l^tween  indiiced  e.m.f.'s,  from  Prob.  35.  (6)  Change  in  amount 
of  total  induced  e.m.f .  of  each  alternator,  from  Prob.  35. 

Compare  these  results. 
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Prob.  3a-2.  A  three-phase,  6600-volt  alternator  rated  500  kv-a. 
is  parallel  with  another  rated  1000  kv-a.,  6600  volts,  60  cycles.  The 
inherent  speed  regulation  of  the  engine  driving  the  first  aJtemator  is 
5  per  cent  and  of  the  second  alternator  4  per  cent,  based  on  85  per 
cent  power-factor  at  full-load  of  generator. 

(a)  What  is  the  greatest  combined  load  in  kilovolt-amperes  that 
these  alternators  can  deliver  without  overloading  either  more  than 
25  per  cent  beyond  its  rated  capacity? 

(6)  What  would  be  the  relation  between  the  power-factor  of  each 
alternator  and  the  bus-bar  power-factor,  under  this  condition? 

Prob.  39-2.  What  are  the  kilovolt-amperes,  kilowatts  and  power- 
factor  of  the  total  load  dehvered  from  the  bus-bars,  if  each  alter- 
nator in  Prob.  38  is  delivering  its  rated  full-load  kilovolt-amperes, 
but  the  500  kv-a.  machine  operates  at  90  per  cent  power-factor 
while  the  1000  kv-a.  machine  operates  at  70  per  cent  power-factor? 

Prob.  40-3.  How  many  more  kilowatts  could  be  taken  from 
the  bus-bars  at  the  same  voltage  and  power-factor  without  exceed- 
ing the  rated  capacity  of  either  machine,  if  the  field  excitation  and 
throttles  of  the  alternators  in  Prob.  39  were  readjusted  so  as  to 
make  the  best  use  of  each  machine? 

Prob.  41-2.  Two  alternators  rated  2300  volts,  three-phase,  60 
cycles  have  full-load  capacities  of  500  and  1000  kv-a.  respectively. 
The  first  alternator  gives  a  sustained  short-circuit  current  equal  to 
two  times  rated  load  current,  with  full  field  excitation,*  while  the 
second  gives  four  times  full-load  current.  In  both  alternators  the 
ratio  of  synchronous  reactance  to  resistance  is  10  : 1.  If  these  two 
alternators  are  thrown  into  parallel  when  the  terminal  voltages  are 
each  equal  to  2300  but  10  electrical  degrees  out  of  phase,  calculate: 

(a)  Resultant  voltage  in  local  circuit. 

(6)  S3iichronizing  current  in  amperes. 

(c)  Synchronizing  power  in  watts. 

(d)  Synchronizing  torque  in  per  cent  of  normal  full-load  torque 

of  the  smaller  alternator. 
Both  alternators  are  star-connected. 

Prob.  42-2.  Repeat  the  calculations  of  Prob.  41,  considering 
that  the  alternators  are  paralleled  when  only  two  electrical  degrees 
out  of  phase. 

(a)  Is  the  synchronizing  power  directly  proportional  to  the  phase- 
difference  between  the  e.m.f.'s? 

*  Full  field  excitation  here  means  that  which  would  give  rated  volt- 
age at  no-load. 
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Prob.  43-3.  Both  alternators  specified  in  Prob.  38  are  deliver- 
ing their  rated  kilovolt-amperes  to  the  bus-bars,  at  rated  voltage 
and  frequency,  and  85  per  cent  power-factor.  Assuming  that  the 
characteristics  of  each  governor  are  such  that  the  speed  changes  by 
a  uniform  amount  for  each  kilowatt  of  load  added  or  dropped  by 
the  machine,  as  expressed  by  the  per  cent  speed  regulation,  cal- 
culate: 

(a)  Frequency  when  total  load  on  bus-bars  is  reduced  50  per  cent. 

(6)  Kilowatts  delivered  by  smaller  alternator  under  this  condition. 

(c)  Kilowatts  delivered  by  the  larger  alternator  under  this  con- 
dition. 

Prob.  44-3.     (a)  At  what  value  of  total  load,  in  kilowatts,  will 
one  of  the  alternators  of  Prob.  43  cease  to  deliver  power? 
(6)  Which  alternator  will  cease  to  deliver  power? 
(c)  What  will  be  the  frequency  under  this  condition? 

Prob.  46-2.  If  the  Supply  of  driving  power  to  the  imder-loaded 
machine  in  Prob.  44  be  discontinued,  and  the  total  loss  in  iron  and 
armature  copper  and  in  friction  be  equal  to  5  per  cent  of  its  rated 
full-load  (non-inductive)  output,  calculate: 

(a)  What  kilowatts  will  be  taken  by  the  synchronous  motor  now 
operating  from  the  remaining  generator? 

(6)  What  will  be  the  frequency? 

Prob.  46-2.  Solve  Prob.  41  on  the  assumption  that  the  ratio 
of  synchronous  reactance  to  resistance  in  both  alternators  is  only 
2:1.  Compare  corresponding  results  of  these  two  problems,  and 
discuss  therefrom  the  relation  between  synchronous  reactance  and 
resistance,  and  synchronizing  power,  other  things  being  equal. 

Prob.  47-2.  Solve  Prob.  46  on  the  assumption  that  a  10  per 
cent  reactance  has  been  inserted  in  each  of  the  cables  leading  from 
the  armature  of  the  larger  alternator  to  the  bus-bars.  Compare 
the  synchronizing  current  and  synchronizing  power  with  correspond- 
ing results  of  Prob.  46  and  discuss  this  feature  of  current-limiting 
reactances. 

Prob.  4^2.  The  two  alternators  specified  in  Prob.  38  are  ad- 
justed so  that  each  is  delivering  75  per  cent  of  its  rated  kv-a.,  at 
86  per  cent  power-factor,  rated  voltage  and  frequency.  Assimiing 
the  same  change  of  speed  per  kilowatt  of  load  as  specified  in  Prob. 
38,  calculate: 

(a)  What  maximum  total  kilowatts  can  be  taken  from  the  bus- 
bars without  overheating  either  armatiu*e? 

(6)  What  will  be  the  frequency  at  this  load? 
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Prob.  49-2.  (a)  At  what  value  of  total  load  (kilowatts)  will  the 
two  alternators,  after  being  adjusted  as  in  Prob.  48  and  then  left 
to  themselves,  divide  the  load  (kilowatts)  equally  between  them? 

(6)  What  Will  be  the  frequency  under  this  condition? 

Prob.  60-2.  When  the  total  bus-bar  load  on  the  two  alternators 
of  Prob.  48  is  such  that  the  frequency  has  become  equal  to  61.5 
cycles  per  second,  calculate: 

(a)  Kilowatts  delivered  by  the  500  kv-a.  alternator. 

(6)  Kilowatts  delivered  by  the  1000  kv-a.  alternator. . 

(c)  Total  kilowatts  output  from  bus-bars. 

Prob.  61-2.  A  three-phase,  star-connected  alternator,  rated  100 
kv-a.,  2300  volts,  60  cycles,  is  delivering  125  per  cent  of  its  rated  kv-a. 
at  rated  voltage  and  80  per  cent  power-factor  to  the  bus^bars.  It  has 
a  resistance  of  4  per  cent  and  synchronous  reactance  of  40  per  cent. 

Another  alternator  identically  similar  has  its  open-circuit  e.m.f. 
brought  up  to  exactly  the  proper  voltage,  frequency,  and  phase 
relation,  and  the  parallel  connection  is  completed.  Assuming  that 
the  open-circuit  voltage,  or  total  induced  voltage,  or  excitation 
voltage  of  the  incoming  alternator  is  raised  in  five  steps,  each  ten 
per  cent  of  the  initial  value,  while  the  kilowatt  output  from  bus- 
bars remains  unaltered,  calculate  for  each  step:* 

(a)  Resultant  e.m.f.  in  local  circuit. 

(6)  Synchronizing  current  in  amperes. 

(c)  Kilowatts  which  tend  to  be  shifted  from  one  alternator  to 
the  other  by  means  of  the  synchronizing  current. 

{d)  Terminal  voltage. 
Draw  curves  showing  change  of  each  of  these  quantities,  all  with 
respect  to  excitation  volts  as  abscissas. 

Prob.  62-2.  If  both  prime  movers  in  Prob.  32  have  inherent 
speed  regulation  of  5  per  cent,  calculate  the  actual  values  of  the 
following  quantities  when  the  total  load  has  increased  to  1500  kv-a. 
at  the  same  power-factor  as  in  Prob.  32,  and  the  excitation  voltages 
of  both  alternators  are  adjusted  to  give  rated  terminal  voltage  at 
load  power-factor: 

(a)  Current  per  terminal  from  each  alternator  to  bus-bars. 

(6)  Kilovolt-ampere  output  of  each  alternator. 

(c)  Power-factor  of  each  alternator. 

{d)  Frequency. 

Prob.  63-2.  To  what  values  of  kilowatts,  power-factor,  and 
kilovolt-amperes  should  each  alternator  of  Prob.  51  be  adjusted,  in 

*  Do  not  consider  change  of  phase  relation  of  armature  e.m.f.'8  due 
to  the  shifting  of  load. 
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order  that  the  total  losses  shall  be  reduced  to  minimum,  while  the 
amperes  and  power-factor  of  the  total  load  on  bus-bars  remain 
constant? 

Prob.  64-2.  When  the  alternators  are  paralleled  as  S3mchro- 
mzed  in  Prob.  51,  what  will  be  the  values  of  the  following  quantities 
if  the  excitation  voltage  and  the  steam  supply  of  each  alternator 
is  adjusted  so  the  total  power  and  the  reactive  load  are  equally 
divided  at  rated  terminal  voltage: 

(a)  Kilowatt  output  of  each  alternator? 

(6)  Kilovolt-ampere  output  of  each  alternator? 

(c)  Power-factor  of  each  alternator? 

(d)  Per  cent  by  which  the  excitation  voltage  of  each  alternator 
must  be  increased  or  diminished? 

Prob-  6&-2.  Draw  a  complete  vector  diagram  showing  relations 
between  current  and  excitation  voltage  in  both  machines,  terminal 
voltage,  and  total  current  delivered  from  bus-bars,  for  the  phase 
relation  of  armatures  which  gives  maximum  synchronizing  power, 
as  nearly  as  you  can  determine  it  for  the  alternators  specified  in 
Prob.  51.  Calculate  the  maximum  synchronizing  power  in  kilo- 
watts. Note  that  power  taken  in  by  a  machine  represents  "  syn- 
chronizing power  "  only  when  it  exerts  motor  action,  and  not  when 
it  merely  supplies  PR  loss. 


CHAPTER  III 

TRANSFORMERS 

FUNDAMENTAL  PRINCIPLES.      EFFICIENCY  AND    REGULATION 

A  TRANSFORMER  changes  alternating  current  at  any  given 
voltage  into  alternating  current  of  the  same  frequency  but 
at  some  other  voltage.  It  is  to  be  distinguished  from  a 
converter,  or  a  rectifier,  which  takes  in  alternating  current 
and  delivers  direct  current,  or  vice  versa. 

Were  it  not  for  the  transformer,  there  probably  would  not 
be  any  large  systems  for  generating  and  distributing  power 
by  alternating-current  electricity  such  as  we  now  have. 
It  was  the  development  of  an  efficient  transformer  which 
influenced  American  engineers  to  use  alternating  current 
instead  of  direct  current  where  large  quantities  of  power 
were  to  be  transmitted  over  long  distances. 

The  reasons  for  this  statement  have  been  indicated  in  the 
First  Course,  Chapter  I.  By  means  of  the  transformer,  we 
may  transmit  electric  power  at  high  voltages  which  permit 
the  wires  to  be  small  and  correspondingly  long,  without 
prohibitive  expense  for  copper  or  excessive  PR  loss  on  the 
lines.  At  any  point  along  the  line  where  we  need  some 
power,  we  simply  tap  on  a  transformer  —  the  simplest,  most 
rugged  and  durable  and  most  efficient  electrical  apparatus 
that  has  ever  been  devised,  requiring  less  space  and  atten- 
tion, and  less  investment  per  kilowatt  capacity,  than  any 
other  electrical  machine.  By  suitable  winding  of  the  trans- 
former, we  obtain  alternating  current  at  low  pressure,  of 
any  value  best  suited  to  the  lamps,  motors,  heaters,  or  other 
devices  that  are  to  be  operated. 

30.  Structure  of  the  Transformer.  The  purposes  for  which 

transformers  are  used  in  systems  for  distributing  electrical 
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power  have  been  explained  in  the  First  Course.     There  also 
will  be  found  picturea  illustrating  the  external  appearance  of 
some  types  of  transformers,  and  diagrams  showing  how  and 
where  they  are  connected  into  the  system.     Before  proceed- 
ing to  examine   in  some  detail  the  exact  theory  of  these 
connections,  the  proper  methods  of 
operation  and  the  operating  charac- 
teristics of  various  types  of  trans- 
formers, all  of  which  are  to  be  treated 
in  this  and  the  following  chapter,  it 

would  be  well  to  familiarize  ourselves  p 

witb  the  structure  and  parts  of  the 
transformer.  g 

Figure  77  shows  the  essential  in- 
terior parts  of  a  small  {10  kv-a.) 
transformer  such  as  is  used  to  supply 
power  to  light  a  building  or  a  group 
of  buildings.  One  or  more  coils  S 
of  heavy  wire  and  one  or  more  coils 
P  containing  a  much  larger  number  ^'*'-.  ^^'    '^^''  °°^^  *'"' 

of  turns  of  smaller  wire  surround  or      f     "    "  ,   ^** 

,    ,  ,  ,         ,       ,      former    removed    from 

are  surrounded  by  a  core  /  mode  of  y,p  ^^^^  -phe  coils  S 
laminations  or  sheets  of  special  steel.  and  /'  are  linked  to- 
The  terminals  of  the  heavy  wire  coils  gether  by  the  core  /. 
are  brought  out  at  T",  and  the  ter-  ^'^  WesUm  Stearic  Co. 
minals  of  the  light  wire  coils  at  7".  These  two  sets  of  coils 
and  the  iron  core  which  links  them.together  are  the  essential 
parts  of  the  transformer.  Fig.  78  is  a  diagram  of  a  top 
view  of  a  transformer  of  this  type.  The  coils  marked 
"  primary  "  are  connected  together  and  to  the  source  of  power, 
while  the  coils  marked  "  secondary"  are  connected  together 
and  to  the  load.  The  alternating-current  power  is  transferred 
from  primary  to  secondary  by  means  of  magnetic  flux  in  the 
iron  core,  which  is  shown  dark  in  Fig.  78. 

31.  Methods    (^    Cooling    Transformers.    The    losses 
which  occur  in  transformers  are  very  small,  usually  not  more 
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than  from  2  to  4  per  cent  of  the  input.     These  losses  always 
result  in  heating  the  transformer.     When  the  transformer  is 
in  operation,  the  currents  in  the  primary  and  secondary 
coils  cause  a  loss  of  power,  PR,  due  to  resistance.      The 
flux  in  the  iron  core  also  causes  a  loss  of  power  due  to  hystere- 
sis and  eddy  currents.     All  of  these  losses  appear  as  heat, 
and  the  temperature  of  the  transformer  will  rise  above  that 
of  the  Burrotmdiugs  by  an  amount  sufficient  to  cause  the 
heat   to   flow   away 
as  fast  as  it  is  gener- 
ated within  thetrans- 
'"*"'    former.       The    core 
and  coils  are  gener- 
ally immersed  in  min- 
eral oil  or  petroleum 
within  a   casing   of 
sheet    iron    or    cast 
iron.     The    purpose 
,„,       of  the  oil  is  not  only 
to  improve   the   in- 
FiG.  78.    The  diagram  of  the  top  view  ot  a  eulation  between  the 
transformer  ot  the  shell  type  shown  in  Fig.    ^^jj^      j^^^     ^^     ^^ 
77.     The  General  Etectric  Co.  ',       ,       ., 

carry  the  neat  from 

the  hot  inner  parts  of  the  coils  and  core  to  the  cooler  outside 
surface  of  the  casing,  by  means  of  the  circulation  which  is 
set  up  in  the  oil.  The  coils  are  separated  from  one  another 
and  from  the  cores  by  spaces  called  oil  ducts  (see  Fig.  78) 
which  permit  the  oil  to  circulate  around  the  innermost  parts 
where  the  heat  is  generated,  thus  tending  to  keep  the  tem- 
perature more  even  throughout  the  transformer,  or  to  avoid 
"  hot  spots," 

The  power  capacity  and  the  losses  of  a  well-designed 
transformer  increase  approximately  in  proportion  to  the 
volume  of  it-s  core  and  coils,  or  to  the  cube  of  its  dimensions, 
other  things  being  equal.  But  the  exterior  surface  from 
which  heat  is  naturally  dissipated  increases  only  in  propor- 
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tion  to  the  square  of  its  dimensions.  That  is^  if  we  double 
all  dimensions  of  the  transformer^  the  amount  of  iron  in  the 
core  and  of  copper  in  the  coils  will  be  approximately  2®  or 
8  times  as  great.  If  these  materials  were  used  to  just  as 
good  advantage  as  before,  the  kilovolt-ampere  capacity 
would  be  also  8  times  as  great;  and  assuming  the  efficiency 
to  be  approximately  the  same,  the  losses  would  be  8  times  as 
large  as  before.  But  the  exterior  surface  of  the  transformer 
is  increased  only  2^  or  4  times  when  the  dimensions  are 
doubled.  Therefore,  we  must  lose  8  times  as  much  heat  as 
before,  from  4  times  as  much  surface,  or  twice  as  much  heat 
per  square  foot  of  surface,  per  minute.  This  requires  a 
temperature  rise  approximately  twice  as  great.  Obviously, 
transformers  of  the  larger  sizes  must  be  provided  with  addi- 
tional cooling  surfaces  or  some  means  of  carrying  away  heat 
faster  from  the  natural  cooling  surfaces,  in  order  to  avoid 
excessive  temperatures. 

Some  large  transformers,  particularly  older  ones,  are  of 
the  air-blast  type.  They  are  placed  over  a  chamber  from 
which  a  blower  forces  a  strong  current  of  air  through  numer- 
ous ventilating  ducts  that  are  left  between  the  coils  and  the 
core.  Such  transformers  are  not  immersed  in  oil,  and  there- 
fore have  the  following  disadvantages.  First:  if  a  fault 
occurs  in  the  insulation,  the  resulting  arc  is  not  suppressed 
(as  by  the  oil  in  the  oil-filled  type)  but  is  rather  fanned  into 
flame  by  the  air  currents.  Second:  although  the  air  used 
is  cleaned,  yet,  in  spite  of  this  precaution,  the  transformer 
often  becomes  coated  with  dirt,  which  is  bad  for  the  insula- 
tion. Third:  if  anything  occurs  to  stop  the  blowers,  the 
temperature  rises  very  rapidly.  Fourth:  air-blast  trans- 
formers are  more  bulky  for  a  given  kilovolt-ampere  capacity 
than  water-cooled  or  oil-cooled  types,  and  are  not  satis- 
factory for  pressures  much  above  35,000  volts. 

Auxiliary  surfaces  for  natural  air-cooling  may  be  furnished 
by  nests  of  vertical  pipes  connected  into  the  transformer  case 
at  top  and  bottom  as  shown  in  Fig.  79.    These  pipes  C  are 
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Spread  far  enough  apart  to  permit  aatural  convection  cur- 
rents of  air  to  circulate  freely.  The  case  and  pipes  are  filled 
with  oil,  which  serves  to  carry  the  heat  from  the  coils  and 
core  where  it  is  generated,  out  to  these  cooling  surfaces. 


Fig.  79.  Additional  rooling  surface  is  fumiBhed  by  the  pipes.  The 
□il  which  carries  tho  heat  from  the  core  ami  coila  circulHtCH  through 
the  pipes  and  is  cooled.     General  Eleelrie  Co. 

Auxiliary  surface  for  artificial  cooling  by  cold  water  is 
often  uspd  in  the  oil-insulated  water-cooled  (O.  I.  W.  C.) 
type  of  transformer.  One  of  these  is  shown  removed  from 
its  case  in  Fig.  80.     The  space  between  transformer  and 
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case,  and  the  ducts  between  coils  and  cores  are  all  filled  with 

oil  which  circulates  naturally  between  the  heated  surfaces 

and  the  cool  surfaces. 

The  heated  oil  rises  to 

the  top  of  the  case. 

The  cooling  coils  (C), 

carrying  a  current  of 

cold  water,  absorb  the 

heat.     The  cooled  oil 

flows  down  along  the 

outside  of  the  case  to 

the  bottom,  and  then  /^ 

repeats    the    process. 

The  cooling  coils 

should  be  of  seamless 

tubing,  as  the  slightest 

leakage  of  water  into 

the    transformer    will 

weaken  the  insulation 

seriously,       A     great 

many    of    the    larger 

transformers  are  of  the 

O.  I.  W.  C.  type. 

The  largest  trans- 
formers are  cooled  by  a 
forced  circulation  of 
the  oil  with  which  the 
transformer  is  filled. 
By  this  method  very 

much  greater  amounts  pi^.  30.  Interior  of  an  oil  insulated  wat»- 
of  heat  may  be  carried  cooled  transformer,  ehowing  the  copper 
away  from  the  surf  aces  cooling  coils,  C.  These  coila  carry  water 
of  coils  and  cores  than  "'!'<'•'  '^^  ^^^  «''■  ^^'^^'^  ^^"^  ^'>- 
by  any  natural  circulation  of  oil,  the  oil  currents  being  more 
rapid  and  far-reaching.  The  oil  may  be  cooled  either  inside 
or  outside  the  transformer  case,  by  water  or  by  air  currents. 
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It  is  difficult  to  bring  out  the  terminals  of  a  coil  for  very 
high  tension  work  through  the  metal  case  of  the  transformer 
without  danger  of  breaking  down  their  insulation  or  of  serious 
leakage  of  current  between  terminals.  Some  termmals  are 
filled  with  oil  and  are  correspondingly  bulky  and  out  of  pro- 
portion, as  shown  at  T'  in  Fig.  80.    The  "condenser  type" 

of  terminal  is  much  more 
compact  for  the  same 
operating  voltage  and 
same  factor  of  safety,  and 
represents  a  more  recent 
and  intelligent  design. 
(See  Trans.  A.  I.  E.  E., 
Vol.  XXVIII,  page  209.) 
32.  How  the  Trans- 
former Changes  the  Volt- 
age. The  essential 
principle  upon  which  the 
transformer  operates  has 
been  explained  in  the 
First  Course,  Chapter  V. 
Two  coils  (or  two  groups 
of  coils)  are  wound  upon 

Fig.  81.  Diagram  of  a  transformer,  the  same  iron  core.  One 
An  alternating  current  in  the  primary  of  these  coils,  A  B  in  Fig. 
coil  .45  sets  up  an  alternating  flux  in   gl,     is     connected     to     a 

the  iron  core  CC,    This  flux  induces  generator  or  a  transmis- 
an  altematmg  voltage  m  the  second-     .         ,.  ...       ,  ,. 

arycoilXF.  ^^^^    *^^    which    dehvers 

alternating  current  to  it. 
This  current  produces  an  alternating  magnetic  flux  mm  in 
the  iron  core  C1C2.  The  variation  of  the  flux  from  zero  to 
maximum  value,  then  to  zero  again,  first  in  one  direction 
and  then  in  the  opposite  direction,  through  the  magnetic 
circuit  which  is  common  to  the  two  coils,  induces  an  alter- 
nating e.m.f.  in  the  other  coil  XY,  If  an  electrical  circuit 
be  completed  through  coil  XYhy  connecting  a  lamp,  a  motor, 
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or  any  conductor  externally  between  the  terminals,  this  in- 
duced e.m.f.  will  produce  a  current  and  deliver  power. 

Thus,  although  the  two  coils  are  electrically  insulated  from 
each  other,  power  taken  in  by  one  coil  is  transmitted  to  the 
other  coil  by  means  of  the  magnetic  flux  which  links  with 
both  of  them.  Of  course,  as  stated  above,  there  are  losses 
in  the  transformers  —  due  to  hysteresis  and  eddy  currents 
in  the  iron  core  and  to  PR  in  both  coils  —  so  that  the  power 
given  out  by  the  coil  XY  is  slightly  less  than  the  power 
taken  in  by  the  coil  AB.  By  providing  a  proper  number 
of  turns  and  suitable  insulation  in  each  coil,  the  primary  (AB) 
may  take  in  power  at  high  voltage  and  the  secondary  {XY) 
may  deliver  this  power  at  low  voltage.  Due  to  the  use  of 
high  voltage,  the  amount  saved  annually  on  the  cost  of 
transmission  line  and  of  line  losses,  is  much  greater  than  the 
cost  of  fixed  chjarges  and  losses  of  the  transformers,  which 
then  become  necessary  to  change  the  voltage  to  values  suit- 
able for  generation  and  utilization  by  practicable  apparatus. 

33.  Ratio  of  a  Transformer.  The  coil  AB  produces  a 
flux  that  links  with  the  coil  XY  and  induces  an  e.m.f.  in 
both  AB  and  XY.  In  fact,  it  even  produces  e.m.f. 's  in  the 
iron  core  Cid  which  cause  the  so-called  "eddy  currents"  in 
the  iron,  which  are  neglected  in  this  article. 

Let  E  =  Efifective  value  of  the  e.m.f.  induced  in  a  single 

turn  of  both  AB  and  XF  by  the  flux  thread- 
ing both  coils. 
Np  =  Number  of  turns  in  primary  coil  AB. 
Ns  =  Number  of  turns  in  secondary  coil  XY. 

Since  the  e.m.f.'s  in  all  the  turns  of  each  coil  are  in  phase 
with  one  another, 

ENp  =  Total  induced  voltage  in  primary  coil  AB. 
EN 8  =  Total  induced  voltage  in  secondary  coil  XY. 

The  ratio  of  the  induced  e.m.f.  in  the  primary  to  the  in- 
duced e.m.f .  in  the  secondary  can  then  be  expressed  by  the 
following  equation: 
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Induced  e.m.f .  in  f  rimary    __  ENp  _  Np 
Induced  e.m.f.  in  Secondary      EN 3     Na^ 
Np  __    Number  of  turns  in  Primary    . 
Ns      Number  of  turns  in  Secondary 

Np 
This  ratio  Tr~  is  called  the  Ratio  of  a  Transfonner.  and  is 

Ns 

equal  to  the  ratio  of  the  induced  voltage  in  the  primary'  to 
the  induced  voltage  in  the  secondary,  when  no  flux  lines 
exist  which  do  not  thread  both  coils. 

Example  1.    There  are  1200  turns  in  the  primary  coil  of  a  trans- 
former and  120  turns  in  the  secondary  coil.    A  flux  of  800,000  lines 
threading  both  coUs  is  made  to  alternate  according  to  the  sine  law, 
at  the  rate  of  60  cycles  a  second. 
V        (a)  What  is  the  effective  voltage  induced  in  each  turn  of  both 
\cpil8? 

(6)  What  is  the  total  effective  iuduced  voltage  m  the  primary 
coils? 

(c)  In  the  secondary  coil? 

(d)  What  is  the  ratio  of  the  induced  voltage  in  the  primary  coil 
to  the  induced  voltage  in  the  secondary  coil? 

(e)  What  is  the  "ratio  of  the  transformer"? 

(a)  The  flux  makes  4  changes  between  0  and  maximum  value 
during  one  cycle.    See  Art.  53,  First  Course. 

A      TPr  ^      A'         u*      N     800,000x60x4      ,„     ,^ 

Av.  E  (mduced  m  each  turn)  = =  1.92  volts. 

10* 

Effective  E  =  l.ll  X&\.  E  (for  a  sine  wave-form). 

=  1.11  X  1.92  =  2.13  volts. 

(6)  E  (induced  in  primary  coil)    =  2.13  X  1200=  2560  volts. 

(c)  E  (induced  in  secondary  coil)  =  2.13  X  120  =  256  volts. 

.        Induced  E  in  Primary         _  2560  _ 

Induced  E  in  Secondary  256 

1200 
(e)  Ratio  of  the  Transformer       =  -y^  =  10. 

Prob.  1-3.    Answer  the  five  parts  of  Example  1  if  the  flux  has 
a  frequency  of  40  cycles  per  second. 

Prob.  2-3.    The  primary  coil  of  a  certain  transformer  has  1470 
turns. 


\ 
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(a)  How  many  magnetic  lines  must  thread  the  primary  coil  and 
the  secondary  coil  if  the  effective  induced  voltage  in  the  primary 
is  2460  volts? 

(6)  How  many  turns  must  the  secondary  have  in  order  to  have 
the  induced  voltage  in  it  equal  to  123  volts? 

Assume  that  the  magnetic  flux  is  made  to  vary  according  to  the 
sine  law  at  a  frequency  of  25  cycles. 

Prob.  3-3.  In  a  transformer  with  a  ratio  of  5,  how  many  turns 
must  there  be  in  the  primary  and  in  the  secondary  coils,  if  the 
induced  voltage  in  the  secondary  is  to  be  236  volts?  The  flux  has 
a  value  of  885,000  lines  and  varies  according  to  the  sine  law  at  a 
frequency  of  60  cycles. 

Prob.  4-3.  How  many  turns  would  have  to  be  used  in  the 
coils  of  the  transformer  in  Prob.  3,  if  the  frequency  were  25  cycles? 

34.  Phase  Relations  between  Flux  and  Induced  E.M.F. 
The  value  of  the  induced  e.m.f.  at  any  instant  in  either  coil 
is  directly  proportional  to  the  number  of  turns  in  that  coil, 
and  to  the  rate  at  which  lines  of  flux  are  appearing  or  dis- 
appearing within  each  turn  at  that  instant  Thus  the  induced 
e.m.f.  has  zero  value  when  the  flux  reaches  its  maximum 
value  (and  is  constant  for  an  instant  before  it  begins  to 
decrease),  and  the  e.m.f.  has  its  maximum  value  when  the 
flux  is  zero  (and  is  changing  at  its  greatest  rate).  In  other 
words,  the  induced  e.m.f .  is  90®  out  of  phase  with  the  alter- 
nating flux. 

The  direction  of  the  induced  e.m.f.  at  each  instant  must  be 
such  that  the  current  which  it  would  produce  in  the  circuit 
would  have  a  magnetizing  action  opposed  to  the  change  of 
flux  which  generates  the  e.m.f.  This  is  in  accord  with  Lenz' 
law  as  stated  in  Chapter  V  of  the  First  Course.  If  this 
were  not  so,  it  would  not  be  possible  to  attain  a  settled  con- 
dition in  the  circuit,  and  we  should  have  a  perpetual  source 
of  energy;  because  as  soon  as  current  and  power  were  deliv- 
ered from  the  secondary  coil  XY,  the  flux  would  be  increased 
by  the  magnetic  action  of  the  current.  This  would  induce 
larger  e.m.f.  which  would  produce  more  current,  and  so 
on  to  infinity. 
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Thus,  in  Fig.  82,  the  curve  0  represents  the  variations  of 
the  flux  (linking  both  coils)  produced  by  the  magnetizing 
current  im  flowing  in  the  primary  coil,  and  in  phase  with  it. 
Then  the  curve  ei  represents  variations  of  the  e.m.f.  which 
is  thereby  induced  in  the  secondary  coil  and  Cp  represents 
the  e.m.f.  induced  in  the  primary  coU.  In  the  magnetic 
circuit,  we  consider  as  positive  the  direction  of  flux  produced 
by  a  current  which  flows  in  a  positive  direction  through  the 


FiQ.  82.  The  magnetizing  current,  im^  produces  a  flux  of  the  sine 
wave-form,  ^.  This  flux  sets  up  an  e.m.f.  Cp  of  sine  wave-form  in  the 
primary  coils  and  an  e.m.f.  e'a  of  sine  wave-form  in  the  secondary  coils. 
Note  that  Cp  and  e«  are  in  phase  with  each  other  but  lag  90*^  behind 
the  flux  0  and  the  magnetizing  current  im- 

electric  circuit.  In  Fig.  82,  the  positive  direction  of  e.m.f. 
e  or  of  current  im  is  from  A  to  B  and  from  X  to  Y,  within 
the  coil  in  either  case.  Notice  that  if  any  current  is  pro- 
duced by  the  induced  voltages  ei  or  ej,,  it  would  oppose 
the  change  of  the  flux  </»,  and  therefore  of  the  current  produc- 
ing <t>.  Thus  such  a  current  would  be  increasing  while  </»  is 
decreasing  and  it  would  be  positive  while  4>  is  negative. 
Notice  also  that  both  induced  e.m.f.'s  6«  and  e'p  lag  90^ 
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behind  the  magnetizing  current  im.  This  fact  that  the  induced 
e.m.f.  always  lags  90®  behind  the  current  and  flux  which 
produces  it  is  also  shown  in  Art.  54,  First  Course. 

Assuming  that  all  of  these  quantities  vary  with  time 
according  to  the  sine  law  (an  assumption  which  will  be  dis- 
cussed later)  we  may  represent  their  values  and  relations  by 
vectors  as  in  Fig.  83.  The  lengths  of  the  vectors  represent 
effective  values  of  the  corresponding 
quantities.  No  current  is  flowing  in 
the  secondary  coil,  as  yet,  but  a  cur- 
rent Im  is  flowing  in  the  primary  coil 
which  sets  up  the  flux.  In  order  to 
force  the  magnetizing  current  Im 
through  the  primary  coil,  we  must 
apply  an  alternating  e.m.f.  to  the  |Es 
primary  coil  which  is  large  enough  to 
overcome  not  only  the  IR  drop,  ImRp, 
caused  by  current  Im  flowing  agamst 
the  resistance  Rp  of  the  primary  coU,  ^^  ^  ^^  ^^^^  ^ 
but  also  the  e.m.f.  Ei>  which  is  m-  gram  for  the  sine  curves 
duced  in  the  turns  of  the  primary  coil  of  Fig.  82.  The  e.m.f  .'s 
when  the  current  Im  flows.  Now,  Ep  and  Ei,  induced  in 
any  good  transformer  is  designed  so  the  primary  and  second- 
that  the  coil  resistances  Rp  and  Rs     "^'  ^.  .  .  ,® 

magnetizmg  current  In 

are  made  relatively  scball,  to  keep  the      ^^^d  ^^^  fl^^  <t>. 
losses  low  and  the  eflSciency  high,  and 

/i£  is  made  small  to  keep  the  power-factor  high.  Theresistance 
drop  in  the  primary  is  therefore  very  small  in  comparison  with 
the  induced  (coimter)  e.m.f.  Ep  in  the  primary.  For  most 
practical  calculations  the  e.m.f.  that  must  be  impressed  on 
the  primary  coil  may  be  assumed  to  be  opposite  and  equal 
to  the  induced  voltage  Ep,  as  represented  by  Ep  in  Fig.  84. 
This  would  be  true  not  only  for  effective  values,  but  also  for 
instantaneous  values.  Therefore,  if  the  wave-form  of  e.m.f. 
between  the  mains  and  impressed  on  the  primary  is  harmonic, 
the  wave-form  of  the  induced  e.m.f.  must  be  very  nearly 


♦e 


p 


"^Vlc 


J      ^^ 
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harmonic.  It  follows  also  that  the  flux  must  vary  har- 
monically, because  the  induced  e.m.f.  is  at  every  instant 
proportional  to  the  rate  of  change  of  the  flux,  and  the  rate 
P  of  change  of  an  harmonic  quantity 

itself  varies  harmonically. 

36.  How  the  Transformer  Adjusts 

Itself  to  Changes   of  Load.    Now 

suppose  we  complete  the  circuit  of 

^^^^  *^^  XY  externally  in  Fig.  81  and  allow 

^*    Eb,  the  voltage  induced  in  the  second- 
ary coil,  to  produce  a  current  /„  lag- 
ging ^  behind  E,,  as  represented  in 
£'  Fig.  85.    The  magnetic  eflfect  of  this 

load  current  /,  tends  to  change  the 

flux  (/>.    But  the  slightest  alteration 

of  </»,  of  course  makes  corresponding 

^p  change  in  the  induced  e.m.f .  Ep  in  the 

Fig.  84.    The  voltage  Ep  primary.    Now  E'p  very  nearly  bal- 

mus      e  impr  on  ^^^^^  ^j^^  impressed  voltage  Ep  before 

the  primary  coil  in  order  n  *  ^  ^^ 

to  overcome  the  induced  I»  began  to  flow,  and  the  resultant 
voltage  E'p.  (Resist-  voltage  in  the  coil  was  almost  zero 
ance  drop  of  the  coils  is  (being  just  suflicient  to  force  the  cuf- 
neglected  in  this  dia-  rent /m  through  the  coil  against  its  re- 
^^^  sistance  R^ .    Thus  the  change  in  the 

induced  voltage  Ep  will  cause  the  resultant  voltage  in  the  coil 
to  attain  an  appreciable  value.  This  resultant  will  cause  more 
current  to  flow  from  the  mains  into  the  primary.  The  addi- 
tional current  (represented  by  /p)  is  called  the  "  load  compo- 
nent "  of  primary  current,  and  it  will  automatically  increase  in 
value  until  it  develops  a  magnetic  action  exactly  equal  and 
opposite  to  that  of  Jj.  When  this  occurs,  the  flux  </>  is  restored 
to  its  original  or  zero-load  value,  and  there  no  longer  exists  any 
unbalanced  e.m.f.  in  the  primary.  In  other  words,  equilibrium 
is  restored  and  the  current  is  steady  again.  The  total  cur- 
rent taken  by  the  primary  coil  AB  from  the  supply  line 
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would  be  the  vector  sum  of  the  load  component  of  primary 
current  7p  and  the  magnetizing  current  7m. 

In  order  that  Ip  may  have  a  magnetic  effect  exactly  equal 


•^« 


♦e'p 

Fig.  85.    When  a  current  I,  is  allowed  to  flow  in  the  secondary  coils, 
a  current  Ip,  at  180°  to  7«,  will  flow  in  the  primary  coil. 

and  opposite  to  that  of  /«,  the  following  relations  must 
exist: 

(a)  The  phase  of  Ip  must  be  exactly  opposite  to  that  of 
the  load  current  7«. 

(6)  The  ampere-tums  in  the  primary  due  to  the  current 
Ip  must  be  exactly  equal  to  ampere-tums  in  the  secondary 
due  to  the  load  current  7,. 

As  Np  equals  number  of  turns  in  the  primary  and  N,  the 
number  of  turns  in  the  secondary,  this  relation  is  expressed 
mathematically  as  follows: 

Npl'p  =  --N.I.. 

Ignoring  the  directions,  which  are  expressed  by  angles  in  the 
vector  diagram,  we  find  the  following  numerical  relation  to 
exist  between  these  currents: 


134  ALTERNATINChCURRENT  ELECTRICITY 

Load  component  of  current  in  primary  (7p)      N, 
Load  current  in  secondary  (/,)  Np 

Now,  the  magnetizing  current  Im  nevei;  exceeds  10  per  cent 
of  the  load  current  Ip  in  any  well-designed  transformer, 
and  in  large  transformers  is  considerably  less  than  1  per 
cent.  (See  Table  A.)  Also,  /,  is  the  only  current  flowing 
in  the  secondary.  Therefore  the  statement  made  above  for 
load  currents  is  also  practically  true  for  total  currents.  That 
is,  we  may  say  without  serious  error  for  all  but  the  very 
smallest  and  poorest  transformers,  that  the  total  primary 
and  secondary  currents  at  any  load  near  or  above  full  load 
are  inversely  proportional  to  the  number  of  turns  in  the 
primary  and  secondary  coils.  As  the  load  approaches  zero, 
this  simple  statement  departs  further  from  the  truth.  When 
/,  equals  zero  and  the  total  primary  current  reduces  to 
/at,  the  above  simple  statement  is,  of  course,  absolutely 
wrong. 

36.  Exciting  Current.  Magnetizing  Ctirrent.  Hyster- 
esis Current.  We  have  assumed  the  flux  <l>  in  Fig.  83,  84, 
85,  to  be  maintained  entirely  by  a  magnetizing  current  Im 
which  is  in  phase  with  <l>.  If  the  core  or  the  magnetic  circuit 
of  the  transformer  were  entirely  composed  of  air  or  wood 
or  some  other  non-conducting  "non-magnetic"  substance, 
this  assumption  would  be  correct.  But  when  we  use  iron 
in  the  magnetic  circuit,  a  certain  amount  of  energy  must 
be  taken  from  the  mains  by  the  primary  coil  during  each 
cycle  of  flux,  to  be  transformed  into  heat  and  lost  by  "molec- 
ular magnetic  friction"  or  hysteresis,  and  by  eddy  currents, 
in*lhe  mass  of  the  iron.  We  notice  that  the  vector  Im  in 
Fig.  85  is  in  quadrature  (90°)  with  the  vector  Ep  (terminal 
e.m.f.  of  primary),  hence  it  represents  zero  power  intake 
from  the  mains.  In  order  to  supply  the  power  lost  in  the 
iron  core  during  successive  cycles,  the  primary  coil  must 
take  a  certain  amount  of  "magnetic  power  component"  or 
"  hysteresis  component"  of  current  (In),  in  phase  with  Ep,  as 
shown  in  Fig.  86.    For  convenience,  this  hysteresis  compo- 
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nent  is  made  to  represent  the  losses  due  to  eddy  currents  as 
well  as  hysteresis  in  the  core.    That  is, 

_  Watts  lost  in  core  due  to  hysteresis  and  eddy  currents 
"  Terminal  volts  of  primary  coil 

The  total  current  which  is  necessary  simply  to  maintain 
the  flux  is  called  the  '*  exciting  current,"  and  it  is  the  vector 
sum  of  Im  and  In-  It  is  the  ^Ep 
zero-load  current  of  the  trans- 
former,— the  (measureable)  cur- 
rent which  actually  flows  in  the 
primary  when  the  secondary 
circuit  is  open.  In  Fig.  86  and 
89  it  is  represented  by  the  vec- 
tor Ib'  As  ^  and  Im  are  in 
quadrature  with  Ep  and  Isy  we 
see  that: 

Value  of  exciting  current  or 
zero-load  current 

Is  =  y/iy  +  ih- 


Power-factor  of  exciting  cur- 
rent or  zero-load  current 

la  Ih 


^« 


E 


8 


Fig.  86.  The  hysteresis  current 
In,  leading  Im  by  90°,  must  flow 
in  the  primary  coil  in  order  to 
supply  the  hysteresis  and  eddy- 
current  loss  in  the  core.  The 
exciting  current  Is  is  the  vector 
sum  of  the  magnetizing  current 
/jrand  the  core-loss  current  Is. 


Is     VDj  +  Ij, 

In  transformers  of  .good  de- 
sign, proportion  and  materials, 
and  of  good  workmanship,  opera- 
ting at  rated  voltage  and  fre- 
quency and  sine  wave-form  of  e.m.f.,  the  exciting  current 
is  between  1  and  10  per  cent  of  the  rated  full-load  current 
depending  on  the  size  (kilovolt-ampere)  and  the  voltage. 
The  ratio  between  In  and  Im  is  usually  such  that  the  power- 
factor  of  the  exciting  current  Is  is  from  10  to  50  per  cent. 
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When  the  magnetic  circuit  contains  no  iron,  or  when  iron 
is  used  in  such  manner  that  the  maximum  flux  density  Bm 
is  not  carried  above  the  *'knee"  of  the  saturation  curve  of 
the  steel  {K  in  Fig.  87)  the  exciting  current  {Ib)  has  a  sine 
wave-form,  if  the  impressed  e.m.f.  has  a  sine  wave-form. 
This  is  because  the  exciting  ampere-tums,  NjJb,  and  there- 
fore the  instantaneous  values^  of  I  By  are  at  every  instant  ex- 


Ampere-tiinii  per  inch  of  core 

Fig.  87.  The  saturation  curve  for  steel.  The  flux  is  practically  pro- 
portional to  the  exciting  current  until  the  saturation  point  K  is 
reached. 


actly  proportional  to  flux  density  B.  This  fact  is  shown  by 
the  curve  between  B  and  NjJb  being  practically  straight 
between  the  points  0  and  K.  But  if  Bm  is  carried  beyond 
the  knee  of  the  saturation  curve,  as  is  usually  the  case  with 
silicon  steels  used  in  transformers,  the  wave-form  of  the  ex- 
citing current  is  not  truly  sinusoidal  even  when  that  of  the 
impressed  e.m.f.  is  harmonic.  The  reason  for  this  is  indi- 
cated in  Fig.  88,  for  which  we  are  indebted  to  the  Electric 
Joumaly  September,  1914.  If  we  follow  the  changes  in  flux 
as  it  proceeds  through  a  cycle,  we  see  that: 

(a)  When  B  =  0,  Ib  =  OA, 

(b)  When  B  increases  to  BD,      Ib  has  increased  to  OB. 
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(c)  When  B  increases  to  CE,       Ig  has  increased  to  OC. 

(d)  When  B  decreases  to  AF,      Ig  has  decreased  to  OA 

again. 

And  so  on.  In  this  way  the  curve  for  exciting  current  re- 
quired to  produce  a  sine  curve  of  flux  and  induced  e.m.f .  has 
been  deduced,  and  it  is  plainly  a  non-sine  wave-form.  In 
vector  diagrams  we  represent  the  exciting  current  by  the 
equivalent  harmonic  or  one  which  has  the  same  R.M.S.  (root- 
mean-square)  value. 


Coimtar  E.1LF. 


Oarnnt 


Fig.  88.  The  curve  of  exciting  current  is  shown  by  the  heavy  line. 
It  is  not  a  sine  curve,  even  though  the  impressed  e.m.f.  is  a  sine 
curve,  particularly  when  the  magnetization  is  carried  beyond  the 
saturation  point. 

Example  2.  The  following  data  are  given  in  the  General  Elec- 
tric Review,  July,  1910,  for  a  400,000-volt  transformer  built  for 
testing  high-tension  insulators:  Rated  capacity,  250  kv-a.  Fre- 
quency, 60  cycles.  Primary  voltage,  1150  or  2300  (for  parallel  or 
series  connection  of  two  primary  coils) .  Secondary  voltage,  400,000. 
Core  loss,  8400  watts  (constant).  Copper  loss,  1270  watts  at  full 
load.  Exciting  current,  7.18  per  cent  (of  rated  full-load  current). 
Efficiency  at  full-load,  96.3  per  cent.  Resistance  drop,  0.51  per 
cent.    Reactance  drop,  5.4  per  cent. 

Compute:  — 

(a)  The  core  loss  current. 

(&)  The  exciting  current. 

(c)  The  power-factor  of  the  exciting  cturent. 

From  this  data  we  derive  the  following: 

,  .   -        8400  watts      „  ^_ 

^^^  ^^=  2300  volts  '^'^^P"^' 
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/LN   T        /^/vTio      250,000  watts      ^„  ,     ^ 

(6)  Ie  =  0.0718  X     ^^V^ — j- —  =  7.8  amperes  =  zero-load  cur- 


2300 


rent. 


3.65 


(c)  Power-factor  of  exciting  current  =  -^  =  0.468  =  46.8%. 

The  maximum  value  of  the  flux  ^  is  nearly  constant  at  all  loads 
if  the  line  voltage  and  frequency  are  constant,  as  is  usual.  The 
drop  of  voltage  within  the  coils  is  a  very  small  percentage  of  the 


FiQ.  89.  The  primary  load-current  Ip  is  directly  proportional  to  the 
secondary  load-current  /a.  The  total  primary  current  //»,  which  is 
the  resultant  of  Ip  and  the  constant  exciting  current  Ist  is  not  quite 
proportional  to  the  secondary  current  Isf  but,  for  all  but  light  loads, 
may  be  so  taken. 

applied  voltage,  in  consequence  of  which  the  counter  e.m.f.,  and 
the  flux  which  induces  it,  are  almost  as  nearly  constant  as  the  line 
voltage.  It  follows  that  at  all  loads  the  exciting  current  of  a  con- 
stant-voltage transformer  is  constant  in  value  and  in  phase  relation 
to  the  impressed  voltage  Ep,  Thus  in  Fig.  89,  if  the  load  Is  is 
doubled,  the  current  Ip  also  is  doubled,  but  the  exciting  current 
Is  remains  the  same  in  value  and  position.  Therefore  the  primary 
current  Ip  (vector  siun  of  Ip  arid  Is)  can  never  be  exactly  propor^ 
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tional  to  the  current  output  of  the  transformer  Is,  and  the  power- 
factor  of  the  primary  current  will  usually  differ  slightly  from  the 
power-factor  of  the  secondary  current.  But  as  Ie  is  very  small  com- 
pared with  Ip  at  all  loads  except  very  light  loads,  we  may  assume 
for  most  practical  calculations  that  the  amperes  input  to  the  primary 
is  directly  proportional  to  the  amperes  output  from  the  secondary, 
and  that  the  power-factor  of  the  input  to  the  primary  is  equal  to 
the  power-factor  of  the  output  from  the  secondary. 

Prob.  6-8.  A  transformer  rated  5  kv-a,  60  cycles,  2300  to  110 
or  220  volts,  takes  a  current  of  0.10  ampere  at  0.40  power-factor 
from  2300-volt  mains  when  the  secondary  circuit  is  open.  Cal- 
culate: (a)  Exciting  current  as  per  cent  of  rated  full-load  cuirent. 
(b)  Magnetizing  current  in  amperes  and  in  per  cent,  (c)  Core 
loss  current  in  amperes  and  per  cent. 

Prob.  ^3.  (a)  At  zero  load  with  secondary  open,  the  trans- 
former of  Prob.  5  takes  how  many  watts  from  the  line?  (6)  If 
the  resistances  of  primary  and  secondary  coils  are  such  that  the 
primary  copper  loss  is  equal  to  the  secondary  copper  loss  at  rated 
full-load,  the  total  copper  loss  being  then  equal  to  the  core  loss, 
calculate  the  copper  loss  in  watt3  at  zero  load. 

Prob.  7-3.  A  transformer  rated  10  kv-a.,  2200/110-220  volts, 
60  cycles,  takes  100  watts  from  a  2200-volt,  60-cycle  line,  when  its 
secondary  is  open,  (a)  If  the  magnetizing  component  is  90  per  cent 
of  the  exciting  current,  what  is  the  zero-load  power-factor  of  the 
transformer? 

I  (6)  What  is  the  exciting  current  for  this  transformer  in  amperes 
and  in  per  cent  of  rated  full-load  current? 

Prob.  8-3.  If  the  transformer  of  Prob.  5  and  6  delivers  full- 
load  current  at  80  per  cent  power-factor  from  the  secondary,  calcu- 
late: (a)  Amperes  load  component  of  primary  current,  (b)  Total 
amperes  input  to  primary  including  exciting  current. 

37.  Relation  Between  Flux,  Voltage  and  Frequency  in 
the  Transformer.  The  maximum  density  Bm  attained  by 
the  flux  in  the  iron  core  during  each  cycle  is  of  great  impor- 
tance, as  it  affects  all  operating  characteristics  of  the  trans- 
former. The  value  of  Bm  depends  upon  the  voltage  and  the 
frequency  applied  to  a  coil,  the  number  of  turns  in  the  coil, 
and  the  sectional  area  of  the  core.  The  equations  represent- 
ing these  relations  are  fundamental  in  aU  calculations  of 
transformers. 
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Let  ^  =  maximiiTTi  total  number  of  lines  of  flux  through 
core,  linking  with  both  primary  and  secondary 
coils.    This  flux  alternates  in  direction  and 
varies  harmonically. 
Np  =  number  of  turns  in  primary  coil. 
Ns  =  number  of  turns  in  secondary  coil. 
/  =  frequency  =  number  of  cycles  of  flux  or  of  e.m.f . 
per  second. 

As  we  have  seen  in  Art.  33,  4>  lines  of  flux  appear  or  dis- 
appear within  each  turn  of  either  coil  every  quarter  period 

or  T  of  "?  seconds,  =  7-1  seconds. 
4        /  '      4/         • 

Average  rate  of  cutting  flux  by  each  turn  of  either  coil 

=  —  =  4/1^  lines  per  second. 

Therefore, 
Average  e.m.f.  induced  in  each  turn  =       ^  "^  volts. 

As  the  flux  varies  harmonically,  the  induced  e.m.f .  also  varies 
harmonically.     (See    Appendix.)     The    form-factor    of    an 
harmonic  e.m.f.  (or  ratio  of  effective  to  average  value)  is  1.11. 
Therefore, 
Effective  value  of  e.m.f.  induced  in  each  turn 

1.11X<^X4/      ,. 
= 10^^ volts. 

Effective  voltage  induced  in  entire  primary  coil 

4.44  4>fNp      „, 

=  — io« —  ==  ^^• 

Effective  voltage  induced  in  entire  secondary  coil 

^  4.44  <t>fNs  ^  j^, 

The  amount  of  the  core  losses  and  the  magnetizing  current 
depend  upon  the  maximum  density  of  flux  Btni  It  A  repre- 


and 
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seats  the  area  of  core  section  at  right  angles  to  the  flux,  we 
have, 

Thus, 

,  _  4.44  B^fNp     „,     „  _     WE'p 
^P-  io«         '    °^    ""'^.UAfNp' 

Es ^ ,    or    S„  =  4^^^^^. 

From  these  equations  we  see  that: 

(1)  Changing  the  voltage,  changes  B«  in  exact  proportion, 
aU  other  things  remaining  equal. 

(2)  Changing  the  frequency,  while  keeping  the  voltage 
constant,  causes  B^  to  change  in  inverse  proportion  to  /. 

(3)  Changing  the  frequency  and  voltage  in  proportion  to. 
each  other  keeps  Bm  unchanged. 

(4)  Changing  the  number  of  turns  in  a  coil,  while  keeping 
the  voltage  across  this  coil  constant,  causes  Bm  to  vary  in 
inverse  proportion  to  N. 

(5)  Changing  the  number  of  turns  in  a  coil  and  the  volt- 
age across  it  in  proportion  to  each  other  leaves  B^  un-* 
changed. 

(6)  Changing  the  cross-sectional  area  of  the  iron  core,  at 
constant  voltage  and  frequency,  will  change  Bm  in  inverse 
proportion  if  the  number  of  turns  in  the  coil  remains  fixed. 
If  N  is  also  changed,  in  inverse  proportion  to  A,  then  Bm 
remains  fixed. 

The  highest  voltage  at  which  we  can  operate  a  given  trans- 
former depends  not  only  upon  the  insulation,*  but  also  upon 
Bm-  If  Bm  is  to  be  carried  much  beyond  the  "  knee  of  the  sat- 
uration curve, "  the  exciting  current  or  zero-load  current  must 
be  much  increased,  the  power  losses  in  copper  and  in  iron 

*  Standardisation  Rules  of  A.I.E.E.  require  the  insulation  of  a  trans- 
former to  stand  test  for  60  seconds  at  voltages  of  from  2  to  5  times  the 
operating  voltage,  depending  on  the  type  of  transformer.  Sec  §  247  to 
257,  Standardization  Rules,  A.I.E.E. 
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are  much  increased,  and  the  temperature  rises  unless  the 
current  output  is  reduced.  If  we  desire  to  build  a  transformer 
for  higher  voltage  at  a  given  frequency,  we  must  increase  the 
area  of  the  core  (and  volume  of  iron),  or  the  number  of  turns, 
or  both,  so  as  to  conform  to  the  above  equations  while  keep- 
ing fim  within  a  reasonable  or  economical  limit  (see  Table  III). 
We  must  also  use  more  or  better  insulation.  Of  course  we 
may  increase  the  kilovolt-ampere  capacity  at  any  given 
voltage  and  frequency  by  increasing  the  current  and^n- 
larging  the  size  of  wire  in  both  coils  enough  "to  keep  the  PR 
loss  relatively  low  and  the  efficiency  high. 

Transformers  suitable  for  a  given  voltage  must  have  more 
iron  (larger  value  of  A  in  equation)  when  designed  for  a  low- 
frequency  than  when  designed  for  a  high  frequency.  Or, 
we  may  keep  Bm  within  bounds  by  changing  N  in  inverse 
proportion  to  /,  keeping  the  same  core.  But  in  this  case, 
since  the  coils  must  carry  the  same  current  to  deliver  the 
same  kilovolt-amperes  at  the  given  voltage,  the  PR  loss 
will  be  changed  approximately  in  proportion  to  the  number 
of  turns  or  in  inverse  proportion  to  the  frequency.  To  avoid 
overheating  and  reduction  of  efficiency,  both  cross-section 
and  length  of  wire  would  have  to  be  doubled  at  the  same 
time  the  frequency  was  reduced  to  half  to  maintain  the  same 
capacity;  and  this  entails  a  larger  core  in  order  to  obtain  the 
necessary  winding  space. 

Prob.  9-8.  If  a  60-cycle  transformer  be  designed  for  1  volt  per 
turn,  what  must  be  the  total  maximum  flux? 

Prob.  10-8.  If  a  transformer  core  has  a  cross  sectional  area  of 
100  sq.  in.  and  the  primary  coil  has  10,000  turns,  what  effective 
value  of  line  voltage  at  60  cycles  will  give  a  maximum  density  of 
60,000  lines  per  sq.  in.  in  the  core? 

Prob.  11-8.  (a)  How  many  flux-turns,  or  interlinkages  be- 
tween turns  and  maximum  cyclic  value  of  flux,  are  necessary"  in  a 
25-cycle  transformer  for  a  2300-volt  line? 

(6)  What  must  be  the  area  of  the  core  of  this  transformer  if  we 
use  2000  turns  in  the  2300-volt  coil,  and  Bm  is  not  permitted  to 
exceed  50,000  lines  per  sq.  in.? 
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Prob.  12-3.  What  maximum  flux  density  will  be  attained  in- a 
core  having  20  sq.  in.  sectional  area,  surrounded  by  a  coil  of  3000 
turns  connected  to  a  6600-volt  60-cycle  line?    Sine  wave  of  e.m.f. 

Prob.  13-8.  A  transformer  primary  consists  of  two  equal  coils 
which  are  designed  to  be  connected  in  series  to  a  2200-volt  line. 

(o)  If  they  are  connected  in  parallel  instead  of  in  series,  by  what 
percentage  will  the  flux  density  be  increased  or  decreased  from  its 
normal  value? 

(6)  By  what  percentage  will  the  secondary  voltage  be  increased 
or  decreased  from  its  normal  value? 

38.  Losses  and  Efficiency  of  the  Transformer.    The 

losses  of  power  in  the  transformer  are  classified  as  copper 
losses  and  core  losses.  The  copper  losses  consist  of  PsRs  in 
the  secondary  coils  and  I^Rp  in  the  primary  coils.  The  core 
losses  are  due  to  hysteresis  and  eddy-currents  in  the  iron  core 
of  the  transformer.  The  total  losses  amount  to  only  a  small 
percentage  of  the  power  transformed  when  the  output  is 
anywhere  near  full-load.  Efficiencies  at  full-load,  usually 
calculated  on  basis  of  unity  power-factor  load,  unless  other- 
wise stated,  range  between  95  per  cent  for  very  small  trans- 
formers (i  kv-a.),  and  98.5  or  99.0  per  cent  for  very  large 
transformers  (5000  to  15,000  kv-a.). 

The  methods  for  calculating  efficiency  that  were  explained 
in  Art.  3,  Chapter  I,  may  be  applied  also  to  transformers. 
The  statements  made  there  concerning  relation  between 
fixed  losses  and  variable  losses  at  the  load  where  maximum 
efficiency  occurs,  apply  more  accurately  to  transformers  than 
to  generators.  To  these  should  be  added  the  statement  that 
a  low  load-factor  generally  produces  a  low  all-day  efficiency. 

Load-factor  has  various  meanings  in  popular  usage  (see  any 
Electrical  Handbook),  but  the  one  sanctioned  by  ^^Standardization 
Rvles''  of  the  A.I.E.E.  is  as  follows:  "The  load-factor  of  a  machine, 
plant,  or  system  is  the  ratio  of  the  average  power  to  the  maxi- 
mum power  during  a  certain  (specified)  period  of  time."  Accord- 
ing to  this  definition,  when  the  load  on  a  generator  is  perfectly  steady 
or  constant,  the  load-factor  is  unity:  and  whenever  the  load-factor 
is  less  than  unity,  it  is  implied  that  the  load  is  unsteady  or  varying. 
Lower  load-factors  correspond  either  to  wider  range  of  fluctuation 
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or  to  more  prolonged  periods  of  light  load.  The  daUy  load-factor 
and  the  monthly  load-factor  are  significant  mainly  in  relation  to 
the  efficiency  of  the  plant,  which  has  some  effect  upon  the  cost  of  a 
kilowatt-hour.  But  this  cost  depends  principally  upon  the  annual 
load-factor.  In  most  central  stations,  the  highest  load  in  the  en- 
tire year  lasts  only  three  or  four  hours  per  day  for  about  two  months, 
during  December  and  January.  To  carry  this  supreme  peak, 
machinery  must  be  bought  which  stands  idle  or  operates  lightly 
loaded  the  remainder  of  the  year.  Fixed  charges  must  be  paid 
and  earned  for  this  investment,  and  these  charges  are  usually  levied 
against  all  the  kilowatt-hours  sold,  making  the  cost  of  each  kilowatt- 
hour  much  larger  than  it  would  be  if  the  load  were  steady.  For,  if 
the  load  were  steady,  we  could  deliver  the  same  number  of  kilowatt- 
hours  with  less  kilowatts  capacity  aud  therefore  less  first-cost. 

A  load-factor  of  35  or  40  per  cent  is  exceptionally  good  for  a 
central  station.  High  load  factors  are  obtained  by  connecting  as 
many  different  types  of  power-consuming  devices  as  possible,  to  the 
station,  and  ^getting  as  many  different  customers  as  possible. 

The  core  loss  of  a  given  transformer  is  nearly  constant  at 
all  loads,  provided  the  applied  voltage  and  frequency  are 
coastant.  Investigation  has  disclosed  that  the  power  lost 
due  to  hysteresis  depends  upon  the  chemical  composition  of 
the  iron  used,  the  mechanical  and  heat  treatment  to  which 
the  iron  has  been  subjected,  the  frequency  of  reversals,  the 
maximum  value  of  flux  attained  during  the  cycle,  and  the 
wave-form  of  induced  e.m.f.  or  of  flux.  All  of  this  is  ex- 
pressed in  the  equation 

where  Ph  =  WKufB'^, 

Ph  =  watts  lost  due  to  hysteresis. 
/  =  frequency  of  induced  c.m.f.,  cycles  per  second. 

Bm  =  maximum  value  of  flux  density,  lines  per  square 
inch.  The  exponent  of  B^n  varies  with  the 
composition  and  treatment  of  the  steel;  1.6  is 
its  average  value. 

W  =  pounds  weight  of  iron  acted  on  by  the  alternating 
flux. 

Kff  =  a  constant  for  any  given  kind  of  iron,  but  diflferent 
for  various  kinds  of  iron,  depending  upon  the 
chemical  composition,  treatment,  hardness,  etc. 
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Values  of  Ph  reported  in  Trans.  A.LE.E.,  Vol.  XXVIII, 
page  465,  range  between  1.0  and  2.0  watts  per  pound  for 
ordinary  steels  containing  no  silicon,  and  from  0.54  to  0.82 
watts  per  pound  for  "silicon  steels,"  containing  from  3  to 
4  per  cent  of  silicon.  These  values  were  measurQd  while  the 
flux  varied  harmonically,  and  Bm  was  64,500  lines  per  square 
inch.     The  frequency  was  60  cycles  per  second. 

The  loss  due  to  eddy  currents  is  an  PR  loss  caused  by 

currents  in  the  mass  of  the  iron.    These  are  produced  by 

e.m.f.'s  which  are  induced  in  the  iron  just  as  e.m.f.  is  induced 

in  primary  and  secondary  coils  by  the  alternating  flux.    When 

alternating  flux  traverses  a  solid  block  or  bar  of  iron  the 

eddy  current  loss  is  very  large,  often  heating  the  iron  in  a 

few  minutes  so  that  it  is  too  hot  to  touch.    By  cutting  up 

the  iron  into  sheets  parallel  to  the  direction  of  the  flux,  and 

varnishing,  oxidizing  or  otherwise  insulating  the  sheets  so  that 

current  cannot  pass  from  one  to  another,  the  paths  which 

the  eddy  currents  must  traverse  are  made   longer.    This 

reduces  the  watts  loss  in  proportion  to  the  square  of  the 

thickness  of  the  laminations.     The  eddy-ciu'rent  loss  may  be 

represented  by  the  equation: 

Pb  =  WKb  PBIP, 
where 

Ps  =  watts  lost  due  to  eddy  currents. 

/  =  frequency,  cycles  per  second. 

Bm  =  maximum  flux  density  in  core,  lines  per  square  inch. 

t  =  thickness  of  laminations  of  core,  inches. 

W  =  weight  of  iron  acted  on  by  alternating  flux,  pounds. 

Kb  =  a  constant  for  any  kind  of  iron,  but  different  for 

various  grades  of  iron,  inversely  proportional  to 

their  specific  electrical  resistance. 

Tests  show  that  Ps  ranges  between  0.36  and  0.70  watts 
per  pound  for  ordinary  annealed  sheet  steel,  and  between 
0.12  and  0.18  watts  per  pound  for  special  "silicon-steels" 
used  in  transformers  (containing  3  to  4  per  cent  of  silicon). 
These  values  are  on  the  basis  of  a  frequency  of  60  cycles,  a 
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maximum  flux  density  B»  of  64,500  lines  per  square  inch,  and 
a  value  of  14  mils  (0.014  inch)  for  the  thickness  (J), 

From  the  above  equation' it  is  seen  that  we  can  easily  re- 
duce the  eddy  current  loss  by  making  the  laminations 
thinner,  whatever  may  be  the  values  of  B«,  /,  Ks  and  W. 
The  limit  is  reached  commercially  when  <  =  14  mils,  how- 
ever, because  it  is  not  practicable  to  handle  thinner  sheets 
than  this  in  manufacturing  operations.  Thus,  if  the  sheets 
were  twice  this  thickness,  or  28  mils,  the  loss  in  silicon  steels 

would  be  between  ^  X  0.12,  or  0.48,  and  TTryr^  X  0.18,  or 

0.72  watt  per  pound  at  60  cycles  and  64,500  lines  per  square 
inch.  To  reduce  the  eddy-current  watts  to  the  previous  values 
while  using  iron  28  mils  thick,  we  should  reduce  Bm  to  32,250 
lines  per  in.^.  In  ordinary  practice  the  laminations  are  thin 
enough  to  reduce  the  eddy-current  loss  to  a  value  not  exceed- 
ing 25  per  cent  of  the  hysteresis  loss. 

The  only  operating  conditions  which  affect  the  hysteresis 
loss,  Ph,  and  the  eddy  current  loss,  Pu,  and  therefore  the 
core  loss  which  is  their  sum,  are  Bm  and  /.  The  relation  be- 
tween B«,  /,  and  the  induced  voltages  in  the  coils,  has  been 
explamed  in  Art.  37.  The  induced  e.m.f.  in  the  primary 
will  be  very  nearly  equal  to  the  applied  e.m.f.  because  the 
resistance  and  reactance  of  a  well-designed  transformer  cause 
only  a  small  percentage  voltage  drop.  If  the  frequency 
and  effective  value  of  the  line  e.m.f.  are  constant,  therefore, 
Bm  is  nearly  constant.  If  the  wave-form  also  is  constant,  as 
is  usual,  the  core  losses  remain  the  same  at  all  loads.  The 
total  watts  input  to  the  transformer  at  zero-load,  with  the 
secondary  circuit  open,  is  practically  equal  to  the  core  loss. 
This  input  really  includes  a  slight  amount  of  PR  loss  due  to 
the  exciting  current:  but  as  the  exciting  current  is  less  than 
10  per  cent  of  the  full-load  current,  this  PR  loss  is  less  than 
(0.10  X  0.10)  or  1  per  cent  of  the  full-load  copper  loss  in 
the  primary,  or  about  one-half  of  one  per  cent  of  the  total 
fuU-load  copper  loss.    This  is  entirely  negUgible  in  compari- 
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Source 
of  AU«. 
Ghurent 


son  with  the  core  losses.  Therefore  we  say  that  the  watts 
input  with  open  secondary  are  equal  to  the  core  losses. 
Connections  for  measuring  core  losses  are  shown  in  Fig.  90. 
The  cores  of  modem  transformers  are  usually  made  of 
"silicon  steel,"  which  contains  from  3  to  4  per  cent  of  sili- 
con alloyed  with  the  iron.  Although  the  permeability  is 
reduced  by  this  addition  of  silicon,  the  hysteresis  loss  and 
eddy-current  loss  corre- 
sponding to  given  values 
of  Bm  and  /  are  both 
greatly  reduced.  An- 
other practical  advan- 
tage of  silicon  steel  is 
that  it  is  ''non-aging." 
It  is  found  that  the 
value  of  Kh  in  the 
formula  for  hysteresis 
loss  increases  quite  re- 
markably in  ordinary 
steels  if  they  are  main- 
tained hot  (80°  to  100° 
C.)  for^ong  periods  of 
time,  say  six  months. 
This  increase  may  fi- 
nally amount  to  several 


FiQ.  90.  Connections  for  measuring  the 
coro  loss  of  a  transformer.  Normal 
ybltage,  indicated  by  voltmeter  V,  is 
impressed  on  the  low-tension  terminals 
and  the  power  taken  is  indicated  by  the 
wattmeter  W,  The  high-tension  ter- 
minals are  open.  (If  the  wattmeter  is 
not ''  compensated/'  the  power  consumed 
by  its  pressure-coil  must  be  calculated 
(from  voltage  and  coil-resistance)  and 
subtracted  from  the  wattmeter  reading 
connected  in  this  way.) 


hundred  per  cent.  As  the  aging  produces  higher  losses  and 
further  heating,  the  condition  aggravates  itself  and  causes 
overheating^nd  a  very  serious  increase  in  operating  expense. 
Although  silicon  steel  is  harder  to  work  with  and  is  more  ex- 
pensive than  ordinary  steel,  the  cost  of  the  transformer  is  not 
much  increased  because  higher  magnetic  densities  and  less 
quantity  of  iron  may  be  used  without  causing  excessive  core 
losses. 

The  copper  loss  in  transformers  is  about  equally  divided 
between  primary  and  secondary  coils.  If  Np  =  10  Ns,  then 
fr  =  tV  ^5  and  Pp  =  0.01  1%.    Therefore,  to  make  RpPp^ 
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Rsl%,  we  must  have  Rp  =  100  Rs.  Then,  100  Rs  X  0.01 1% 
=  Rsis-  In  a  test  of  5  different  sampled  of  15  kv-a.  dis- 
tributing transformers,  designed  to  step-down  the  voltage 

/       Ep      10\     ., 


from  2400  to  240 


was  found  that  the 


Rp 


ratio  ^  ranged  between  72  and  108.    The  distribution  of 
lis 

copper  loss  will  vary  correspondingly,  of  course.  The  value  of 
copper  loss  is  usually  calculated  from  the  rated-load  current 
in  primary  and  secondary,  and  the  coil  resistances.  It  may 
be  measured,  however,  by  short-circuiting  the  low-tension 
coil  of  the  transformer  through  an  ammeter  and  applying 

just  enough  volts  to  the 
high-tension  coil  to  pro- 
duce rated  full-load  cur- 
rent.      The   watts    input 
measured  under  this  con- 
dition are  practically  equal 
to  the  full-load  total  PR 
loss,  because  the  flux  re- 
FiG.  91.    Connections  for  measuring  quired  to  produce  this  cur- 
the  copper  Iobs   in   a   transformer.    ^^^^  j^  ^j^^  short-ch-cuit^ 
Suflacient  voltage  is  unpreased  on  the  •  i_*  n 

high-tension  terminals  to  cause  fuU-  transformer  IS  such  a  small 
load  current  to  flow  through  the  percentage  of  the  flux  at 
short-circuited  low-tension  coils.  The  rated  voltage  that  the  core 
copper  loss  will  be  indicated  on  the  i^gg^s  are  negligible.     The 

wattmeter  W.  ,*        £     i  •      .i  • 

connections  for  makingthis 

test  are  shown  in  Fig.  9 1 .  For  accurate  work  the  ^attage  read- 
ing (W)  may  be  corrected  to  allow  for  the  core  losses  (which 
may  be  measured  on  open-circuit  with  the  same  voltage  applied) 
and  for  the  power  lost  in  the  pressure  coil  of  the  wattmeter. 

The  guaranteed  values  for  losses,  efficiencies  at  various  loads, 
voltage  regulation  at  various  power-factors,  and  exciting  current, 
for  two  lines  of  distributing  transformers  manufactured  by  a  well- 
known  large  company,  are  given  in  Table  A.  The  "  Type  SA  " 
transformers  have  a  higher  core  loss  and  lower  efficiency  than 
"  Type  S ''  transformers.     Higher  flux  densities  and  less  material 
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TABLE  A 

Perfobmakgbb  of    ^'Ttpb  S  "  Single-phase  Transformers 

2200  Volts  High  Tension  on  2200-Volt  Circuit  —  60  Cycles 


Kthl 

Watts  loos. 

PW  eont  efficiency. 

Per  cent  regulation. 

• 

• 

1  V\JP 

Iron. 
15 

Cop. 

Full 

1 

k         i 

100% 

90% 

P.F. 

80% 

P^. 

ing 
cur- 

per. 

load. 
94.7 

Load 

Load 

Load 

P.F. 
2.62 

P.F. 

rent. 

8.0 

i 

13 

94.4 

93.2  88.7 

3.21 

3.28 

3.16 

1 

20 

24 

95.8 

95.7 

95.1 

92.0 

2.42 

3.03 

3.12 

3.04 

5.5 

u 

25 

35 

96.0 

96.0 

95.5 

92.7 

2.36 

2.96 

3.07 

3.00 

4.0 

2 

30 

42 

96.5 

96.5 

96.2 

93.8 

2.12 

2.76 

2.88 

2.86 

3.6 

2i 

33 

51 

96.8 

96.8 

96.5 

94.5 

2.08 

2.71 

2.83 

2.83 

3.3 

3 

34 

64 

96.8 

97.0 

96.8  95.2 

2.16 

2.79 

2.91 

2.88 

3.0 

4 

40 

75 

97.2 

97.3 

97.1 

95.7 

1.90 

2.77 

3.00 

3.12 

2.5 

5 

45 

03 

97.3 

97.5 

97.3 

96.1 

1.90 

2.76 

2.99 

3.11 

2.3 

7J 

62 

125 

97.6 

97.7 

97.6 

96.4 

1.70 

2.60 

2.84 

3.00 

2.2 

10 

80 

148 

97.8 

97.9 

97.7 

96.5   1.51 

2.42 

2.68 

2.89 

1.9 

15 

105 

212 

97.9 

98  0 

97.9 

97.0    1.44 

2.36 

2.63 

2.85 

1.6 

20 

131 

268 

98.0 

98.1 

98.0 

97.1 

1.39 

2.51 

2.87 

3.21 

1.5 

25    147 

319 

98.2 

98.3 

98.2 

97.4 

1.33 

2.45 

2.82 

3.17 

1.3 

30     163 

374 

98.2 

98.4 

98.3 

97.6 

i:32 

2.45 

2  82 

3.16 

1.2 

371    197 

433 

98.3 

98.4 

Q8  4 

97.7 

1.20 

2.34 

2.72 

3.09 

1.2 

L  50     240 

550 

98.4 

98.6 

98.5 

97.9 

1.15 

2.29 

2.68 

3.07 

1.0 

*  In  per  cent  of  full-load  current. 

Performances  of    ''Ttpe  SA''  Single-phase  Transformers 

2200  Volts  —  60  Cycles 


Kv-a. 

WatU  looB. 

Per  cent  efficiency. 

Per  cent  regulation. 

Iron. 

Cop. 

Full 

1 

i 

i 

100% 

n. 

80% 

00^^ 

per. 

load. 

load. 

load. 

load. 

P.F. 

P.F. 

P.F. 

i 

21 

13 

93.6 

93.0 

91.1 

85.1 

2.61 

3.00 

2.98 

2.76 

1 

28 

24 

95.0 

94.8 

93.6  89.5 

2.41 

2.82 

2.82 

2.64 

IJ 

35 

35 

95.5 

95.4 

94.5 

91.0 

2.34 

2.76 

2.76 

2.60 

2 

41 

42 

96.0 

95.9 

95.1 

92.0 

2.11 

2.55 

2.58 

2.46 

2i 

45 

51 

96.3 

96.2 

95.6 

92.8 

2.05 

2.49 

2.53 

2.42 

3 

47 

64 

96.4 

96.4 

95.9   93.6 

2.14 

2.57 

2.60 

2.48 

4 

55 

75 

96.8 

96.9 

96.4 

94.4 

1.89 

2.35 

2.40 

2.33 

5 

63 

93 

97.0 

97.0 

96.7 

94.8 

1.87 

2.33 

2.39 

2.32 

7J 

90 

125 

97,2 

97.2 

96.9 

95.0 

1.68 

2.16 

2.23 

2.20 

10 

115 

148 

97.4 

97.4 

97.0  95.3 

1.50 

2.21 

2.38 

2.49 

15 

148 

212 

97.6 

97.7 

97.4  95.9 

1.43 

2.15 

2.33 

2.46 

20 

181 

268 

97.8 

97.8 

97.6  96.2 

1.36 

2.09 

2.27 

2.41 

25 

206 

319 

98.1 

98.1 

97.8  96.5 

1.31 

2.24 

2.52 

2.76 

30 

225 

374 

98.0 

98.1 

97.9  96.8 

1.28 

2.21 

2.50 

2.75 

37} 

278 

433 

98  1 

98.2 

98.0  96.9 

1.19 

2.13 

2.43 

2.69 

50    . 

338 

550 

98  3 

98.3 

98.1 

97.1 

1.14 

2.20 

2.56 

2.89 
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are  used  in  the  former  than  in  the  latter,  resulting  in  a  cheaper 
transformer.  The  normal  operating  temperature  is  also  higher 
and  the  overload  capacity  correspondingly  less. 

Example  8.  How  many  dollars  less  per  year  does  it  cost  to 
operate  a  50  kv-a.  Type  S  transformer  (Table  A)  than  a  50  kv-a. 
"  Type  SA  "  transformer?  How  many  dollars  more  can  we  afford 
to  pay  for  the  "S"  than  for  the  "SA"  ? 

With  the  same  load  in  both  cases,  as  a  basis  of  comparison,  the 
total  annual  watt-hours  of  copper  loss  will  be  the  same  for  both 
types  of  transformers.  But  the  difference  of  98  watts  in  the  core 
loss  (338  —  240)  amounts  to  854  kilowatt-hours  in  one  year  (365  X 
24  X  0.098),  because  the  distributing  transformer  usually  remains 
permanently  connected  in  readiness  to  serve,  and  the  core  loss  is 
continuous  every  hour  in  the  year.  If  energy  costs  2  cents  per 
kw-hr.  delivered  at  the  transformer,  it  costs  $17.08  per  year  less  to 
operate  the  "S"  transformer.  If  each  dollar  invested  is  required 
to  earn  $0.13  per  year  to  cover  fixed  charges,  we  could  afford  to 

17  08 
pay  7f^or$131.38  more  for  the  "TypeS"thanfor  the  "Type  SA'* 

transformer.  If  the  extra  cost  of  the  S  transformer  were  less  than 
$131,  we  should  gain  by  choosing  it  in  preference  to  the  "  SA  " 
transformer;  but  if  the  extra  cost  were  more  than  $131,  we  should 
prefer  the  "  SA  "  type.  If  (as  is  often  the  case)  the  copper  losses  are 
higher  in  transformers  which  have  lower  core  losses,  the  advantage 
of  low  core  losses  is  correspondingly  reduced. 

This  treatment  of  the  cost  of  transformer  losses  and  effect  of 
distribution  of  losses  upon  the  value  of  the  transformer,  is  by  no 
means  complete.  For  complete  treatment,  see  Trans.  A.I,E.E.f 
Vol.  XXX,  page  2181. 

Let  us  calculate  the  commercial  efficiency  of  the  50  kv-a.  "  Type 
S  "  transformer,  at  full-load  non-inductive. 

Output  in  watts 

=  (kv-a.  X  1000)  X  (power-factor)  =  50,000  X  1.0. 

Total  loss  in  watts 

=  core  loss  -|-  copper  loss  =  240  +  550  =  790. 

Efficiency^.      ,     "^ *  , , g^      =0.984  =  98.4%. 

^     output  4- total  loss      50,790 

If  the  transformer  operates  at  rated  full-load  kv-a.  but  at  80  per 
cent    power-factor,    the    core    loss    remains    approximately    the 
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same,  and  the   copper  loss  likewise,  but  the  power  output  is 
reduced.     Thus, 

Efficiency  at  full-load,  80  per  cent  power-factor 

50,000  X  0.8  „ 

=  98  per  cent. 


40,000  +  240  +  550 


When  the  output  or  load  of  the  transformer  is  reduced,  the 
copper  loss  decreases  as  the  square  of  the  current,  but  the  core  loss 
remains  approximately  the  same  if  the  line  voltage  is  constant,  as 
usual.  Thus,  at  quarter  load  or  one-quarter  of  full-load  current, 
and  50  per  cent  power-factor,  we  would  have: 
Core  loss 

=  240  watts. 

Copper  loss 

=  ii)^  X  550  watts  =  34.4  watts. 

Output 

=  J  of  50,000  volt-amperes  X  0.5  (power-factor) 

=  6250  watts. 
Efficiency 

-=  6250+^  +  34  =  ®^-^  P^'  ^^°*- 

Comparing  this  with  the  value  of  97.9  per  cent  for  quarter  load 
non-inductive  which  appears  in  Table  A,  we  perceive  again  the 
sacrifice  in  efficiency  due  to  low  power-factor. 

Prob.  14-8.  The  hysteresis  loss  in  a  given  sample  of  trans- 
former steel  is  0.60  watt  per  pound  at  60  cycles  and  a  maximum 
density  of  64,500  lines  per  square  inch  for  a  harmonically  varying  flux. 

(a)  What  would  be  the  watts  per  poimd  at  25  cycles  frequency? 

(h)  At  133  cycles  frequency?     (Same  Bm  in  all  cases.) 

(c)  What  is  the  flux  density  in  lines  per  square  centimeter? 

Prob.  1&-8.  What  would  be  the  watts  lost  per  pound  due  to 
hysteresis  in  the  steel  of  Prob.  14,  if  the  maximima  flux  density  at 
60  cycles  were 

(a)  Half  as  great? 

(6)  Twice  as  great? 

(c)  45,000  lines  per  sq.  in.? 

Prob.  16-8.  How  many  watts  would  be  lost  in  hysteresis  in  a 
core  weighing  120  lbs.  made  of  the  same  steel  as  in  Prob.  14,  but 
operated  at  25  cycles  with  a  flux  density  of  75,000  lines  per  square 
inch? 
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Prob.  17-8.  The  eddy-current  loss  in*  a  given  sample  of  trans- 
former steel  is  0.15  watt  per  pound  when  worked  at  60  cycles  with 
a  maximum  flux  density  of  64,500  lines  per  square  inch,  the  thick- 
ness of  laminations  being  14  mils.  If  Bm  remain  the  same,  but 
the  steel  is  worked  at  25  cycles,  how  many  watts  are  lost  per  pound? 
By  what  percentage  must  the  voltage  across  the  exciting  coil  be 
changed  when  /  is  thus  reduced,  in  order  not  to  change  Bm? 

Prob.  18-8.  What  would  be  the  eddy-current  loss  per  pound 
of  the  same  steel  as  in  Prob.  17,  worked  at  the  same  frequency 
(60  cycles)  and  the  same  density,  but  used  in  sheets  of  No.  26 
gauge,  having  a  thickness  of  18.7  mils? 

• 

Prob.  19-3.  If  the  steel  of  Prob.  17,  in  laminations  18.7  mils 
thick,  were  used  at  25  cycles  frequency  but  the  same  maximum 
density  (64,500  lines  per  square  inch),  what  would  be  the  watts 
lost  per  pound  in  eddy  currents? 

Prob.  20-3.  What  would  be  the  watts  lost  per  pound  in  eddy 
currents  for  the  steel  of  Prob.  17,  if  used  in  a  25-cycle  transformer 
at  96,750  lines  per  square  inch,  the  thickness  being  18.7  mils? 

Prob.  21-3.  If  Prob.  14  and  17  both  refer  to  the  same  sample 
of  silicon-steel,  what  per  cent  of  the  total  core  loss  is  due  to  hystere- 
sis, and  what  per  cent  is  due  to  eddy  currents?    (/  =  25.) 

(a)  When  B«  =  64,500  lines  per  sq.  inch? 

(6)  When  B«  =  96,750  Unes  per  sq.  inch? 

39.  Station  or  Power  Transformers.  Distributing  Trans- 
formers. It  is  not  economical  or  practicable  to  build 
alternators  capable  of  generating  pressures  as  high  as 
are  necessary  for  most  economical  distribution  of  electric 
power.  It  is  usual,  therefore,  to  wind  the  generator  for  a 
moderately  high  pressure  and  to  use  large  "step-up"  trans- 
formers within  the  station  to  raise  the  voltage  to  a  value 
best  suited  to  the  transmission  line.  Thus  we  now  have 
several  transmission  systems  operating  at  140,000  volts, 
although  the  generated  voltage  rarely  exceeds  6600  to  13,000 
volts.  These  large  transformers  are  called  "station  trans- 
formers ''  or  ''  power  transformers."  Similar  ones  are  also 
used  as  "step-down"  transformers  in  substations,  where  they 
reduce  the  very  high  pressure  of  the  transmission  line  to  a 
moderate  pressure,   suitable  for  distribution  through  the 
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streets  of  a  town,  or  for  operating  a  large  converter  or  alter- 
nating-current motor.  The  terms  step-up  and  step-down  in- 
dicate merely  whether  the  power  output  of  the  transformer 
is  at  a  higher  or  a  lower  pressure  than  the  input;  the  same 
transformer  may  be  used  either  way,  provided  we  do  not 
allow  the  voltage  across  any  coil  or  the  flux  density  in  the 
iron  to  be  higher  than  that  for  which  it  was  designed. 

Thus,  to  supply  alternating  current  for  lights  and  motors 
over  a  town  or  area  of  say  two  miles  radius,  we  would  have 
a  transfonner  substation  containing  a  station  transformer 
large  enough  to  supply  the  maximum  total  kilovolt-ampere 
demand  of  this  area.  The  transformer  would  be  wound 
and  insulated  so  as  to  be  able  to  take  in  this  much  power 
from  the  140,000-volt  transmission  line  or  feeder,  and  to 
deliver  it  at  about  2200  volts  to  the  local  distributing  lines 
or  mains.  Individual  consumers,  or  groups  of  adjacent  con- 
sumers, take  power  from  these  distributing  mains  through 
''distributing  transformers,"  which  take  in  power  at  the 
pressure  of  the  distributing  mains,  usually  about  2200  volts, 
and  give  it  out  at  110,  220, 440,  or  550  volts,  as  may  be  nec- 
essary to  suit  the  consumers'  apparatus.  Distributing  trans- 
formers are  therefore  designed  to  change  relatively  small 
amounts  of  power,  rarely  over  50  kv-a.,  from  moderate  volt- 
age to  low  voltage.  Station  transformers  are  designed  to 
change  large  amounts  of  power,  100  to  10,000  kv-a.,  either 
from  moderate  pressure  to  a  very  high  pressure  within  the 
generating  station,  or  from  very  high  pressure  to  moderate 
pressure  in  the  substation. 

The  reasons  for  using  two  stages  in  this  step-down  trans- 
formation from  high-tension  feeder  to  consumer,  are  as 
follows: 

(a)  It  is  impracticable  to  make  high-tension  transformers 
in  sizes  smaller  than  about  100  or  200  kv-a. 

(6)  The  insulation  for  very  high  pressures  is  so  expensive 
and  so  difficult  to  build  that  the  cost  per  kilovolt-ampere 
capacity  is  much  greater  than  when  moderate  pressures  are 


154       ALTERNATING-CURRENT  ELECTRICITY 

used.    This  is  true  of  overhead  transmission  or  distributing 
lines  and  underground  cables,  as  well  as  of  transformers. 

(c)  In  most  cities  or  thickly  populated  districts,  there  are 
laws  or  ordinances  limiting  the  voltage  that  may  be  used. 
In  this  connection  it  should  be  noted  that  1000  or  2000  volts 
would  be  just  as  quickly  fatal  as  100,000  volts  to  people  who 
might  come  in  contact  with  the  wires,  but  the  risk  of  break- 
ing down  the  insulation  and  of  producing  dangerous  disturb- 
ances in  adjacent  low-tension  circuits  would  be  much  greater 
if  very  high  pressures  were  used  on  the  distributing  mains. 

(d)  A  large  space  is  required  between  line  wires  on  high- 
tension  circuits,  which  not  only  takes  more  room  than  is 
available  in  well-populated  districts,  but  requires  higher, 
heavier  and  more  expensive  poles.  It  is  found  impracti- 
cable to  use  underground  cables  for  pressures  higher  than 
about  25,000  volts. 

Station  transformers  may  differ  from  distributing  trans- 
formers also  in  the  relative  proportion  of  fixed  losses  and 
variable  losses.  The  peak  load  of  the  various  consumers 
connected  to  a  substation  is  less  likely  to  be  excessive 
than  the  peak  load  of  the  consumers  connected  to  a  dis- 
tributing transformer,  because  the  number  and  diversity 
of  the  power-consuming  apparatus  connected  to  the  sub- 
station are  greater  than  the  number  and  diversity  of  that 
connected  to  a  distributing  transformer.  Therefore  the  load- 
curve  for  a  station  transformer  is  Ukely  to  be  smoother  than 
the  load-curve  for  a  distributing  transformer;  or,  the  load- 
factor  of  the  former  is  likely  to  be  higher  than  the  load- 
factor  of  the  latter.  The  transformer,  in  either  case,  should 
be  designed  or  selected  so  that  the  relation  between  its  fixed 
losses  and  its  variable  losses  produces  maximum  efficiency 
at  the  load  under  which  the  transformer  operates  most  of 
the  time,  or  so  that  its  all-day  efficiency  is  as  great  as  pos- 
sible. The  reasons  for  these  statements  will  be  understood 
by  careful  study  of  Art.  4  on  efficiency  of  the  alternator, 
and  by  solution  of  the  following  problems. 
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Prob.  23-3.  A  paper  by  J.  D.  Ross  in  Trans,  AJ.E,E.^  April, 
1912,  gives  valuable  and  complete  detailed  data  on  efficiencies  of 
all  parts  of  a  13,000  kv-a.  hydro-electric  generating  plant  and 
transmission  system.  The  generating  station  contains  9  trans- 
formers each  rated  1500  kv-a.,  stepping  up  the  generator  pressure 
of  2300  volts  to  the  transmission  pressure  of  60,000  volts.  These 
transformers  were  all  in  circuit  continuously.  Careful  computa- 
tions from  actual  readings  and  records  of  calibrated  meters  yielded 
the  following  results: 

Total  constant  loss  (iron  loss)  in  9  transformers  in  one  year 
=  926,000  kw-hr. 

Toted  variable  loss  (copper  loss)  in  same  transformers  in  same 
year  =  200,000  kw-hr. 

Total  input  to  same  transformers  in  same  year  =  28,648,000  kw-hr. 

Calculate: 

(a)  All-day  efficiency  for  the  average  day. 

(6)  Average  kw.  iron  loss,  per  transformer. 

(c)  Average  kw.  copper  loss,  per  transformer. 

{d)  Average  kw.  input,  per  transformer. 

(c)  Average  input  as  per  cent  of  rated  load  (1500  kw.  at  imity 
power-factor). 

(/)  Average  constant  loss  as  per  cent  of  total  loss. 

(g)  Average  variable  loss  as  per  cent  of  total  loss. 

Prob.  23-3.  In  the  Seattle  Municipal  Light  and  Power  System 
referred  to  in  Prob.  22-3,  the  main  substation  in  Seattle  contains 
eight  (8)  transformers,  each  of  1500  kv-a.  capacity  (or  1500  kw.  at 
unity  power-factor)  stepping  down  from  the  60,000-volt  transmis- 
sion pressure  to  15,000  volts  for  distribution  to  smaller  substations. 
The  data  on  the  transformers  in  the  main  substation  are  as  follows: 

Total  constant  (iron)  loss  in  8  transformers  in  one  year  =  692,000 
kw-hr. 

Total  variable  (copper)  loss  in  same  transformers  in  same  year 
^  217,500  kw-hr. 

Total  input  to  same  transformers  in  same  year  =  27,144,700 
kw-hr. 

Calculate  same  items  as  in  Prob.  22-3,  and  compare  correspond- 
ing values.  On  this  basis,  discuss  relation  between  all-day  efficiency, 
relative  proportion  of  constant  and  variable  losses,  and  average  load 
as  percentage  of  rated  load  of  the  transformer.  These  step-down 
transformers  are  of  exactly  the  same  construction  as  the  step-up 
transformers  in  the  generating  station  (Prob.  22-3). 

Prob.  24-3.  Current  from  the  main  substation  of  Prob.  23-3 
is  distributed  at  15,000  volts  to  two  smaller  substations  and  to 
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about  twelve  mills  and  factories  which  use  large  amounts  of  power. 
There  are  30  transformers  connected  to  the  15,000-volt  lines  step- 
ping down  to  2400  volts.  They  range  in  size  from  750  kv-a.  to  50 
kv-a.,  and  have  a  combined  capacity  of  6250  kv-a.  The  data  on 
these  transformers,  altogether,  is  as  follows: 

Total  constant  (core)  losses  in  one  year  =  694,000  kw-hr. 
Total  variable  (copper)  losses  in  one  year  =  81,100  kw-hr. 
Total  input  in  same  year  =  11,493,500  kw-hr. 

Calculate  same  items  as  in  Prob.  22-3,  and  compare  corresponding 
results  of  Prob.  22,  23  and  24.  Continue  the  discussion  along  same 
lines  as  in  Prob.  23-3. 

Prob.  2&-3.  Power  is  distributed  from  the  smaller  substations 
of  Prob.  24  by  means  of  seventeen  2400-volt  mains.  Connected  to 
these  mains  are  1082  distributing  transformers,  ranging  in  size 
from  2i  kv-a.  to  50  kv-a.,  and  with  an  aggregate  full-load  capacity 
of  9268i  kv-a.  The  data  on  these  transformers  for  the  same  year 
are  as  follows: 

Total  constant  (core)  loss  in  one  year  =  960,000  kw-hr. 
Total  variable  (copper)  loss  in  same  year  =  431,000  kw-hr. 
Total  input  in  same  year  =  12,478,300  kw-hr. 

Calculate  same  items  as  in  Prob.  22,  and  continue  the  comparison 
and  discussion  along  the  lines  specified  in  Prob.  23  and  24. 

40.  Effect  of  Operating  Transformers  at  Wrong  Voltage. 

If  we  raise  by  a  given  amount  the  effective  value  of  the 
e.m.f.  impressed  upon  the  primary  of  a  transformer,  a  relar 
tively  greater  change  in  the  exciting  current  is  produced. 
The  amount  and  importance  of  this  effect  may  be  judged 
by  the  following  extract  from  the  standard  specifications  for 
transformers  used  by  the  U.  S.  government  (see  Circular 
No.  22,  U.  S.  Bureau  of  Standards). 

"The  exciting  current  shall  in  no  case  exceed  10  per  cent 
of  the  full-load  current,  and  for  transformers  of  10  kw.  or 
larger,  shall  not  exceed  8  per  cent  of  full-load  current.  With 
an  applied  voltage  10  per  cent  above  normal,  the  exciting 
current  shall  not  exceed  20  per  cent  of  the  full-load  current. " 

In  other  words,  it  is  probable  that  a  10  per  cent  increase 
of  (effective)  voltage  may  more  than  double  the  exciting 
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current,  so  that  this  Umit  must  be  set  by  a  specification. 
Raising  the  voltage  increases  both  the  core-loss  current  Ih 
and  the  magnetizing  current  Imj  therefore  the  exciting  current 
Is  is  increased  faster  than  either  of  its  components.  If  Im 
increases  faster  than  Ih  as  the  voltage  is  raised  the  power- 
factor  of  the  exciting  current  becomes  less.  Fig.  87  shows 
how  great  an  increase  of  Im  is  necessary  when  the  voltage  is 
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Fig.  92.  When  2100  volts  are  impressed  in  the  primary  coils  the  ex- 
citing current  is  1  per  cent  of  the  full-load  current.  When  the  im- 
pressed voltage  is  raised  Qess  than  20  per  cent)  to  2500  volts,  the 
exciting  current  is  doubled,  becoming  2  per  cent  of  the  full-load 
current.    From  Proc.  N.E.L.A.,  1909,  Vcl,  L 

raised  to  a  value  which  carries  Bm  above  the  knee  of  the  sat- 
uration curve  of  the  core  material.  Fig.  92  shows  how 
rapidly  Ib  increases  when  the  pressure  is  increased  more  than 
a  few  per  cent  above  rated  voltage.  In  fact,  the  overvolt- 
age  may  be  sufficient  to  cause  the  exciting  current  to  be 
larger  than  rated  full-load  current,  so  that  the  transformer 
would  be  overheated  without  load. 
Raising  the  voltage  increases  the  range  through  which  the 
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flux  density  in  the  iron  core  varies  during  each  cycle.  In 
fact,  if  the  frequency  is  constant,  the  maximum  flux  density, 
Bw,  attained  during  each  cycle  increases  in  direct  propor- 
tion to  the  voltage.  This  causes  an  increase  of  the  magnetiz- 
ing current  Im  which  is  more  than  proportional  to  the  value  of 
Bm  or  to  the  voltage,  on  account  of  decrease  in  permeability 
of  the  iron  due  to  increase  in  saturation.  The  increase  of 
Bm  also  causes  a  sharp  increase  in  the  amount  of  core  losses 
and  therefore  also  in  the  core-loss  current  /h,  since 

•        Total  core  loss 

Ib Y, 

The  effect  of  voltage  on  core  loss  is  illustrated  by  Table  I, 
which  is  adapted  from  Taylor's  excellent  book  "Transformer 
Practise."  From  this  table  we  see  that  if  we  operate  an 
ordinary  60-cycle  transformer  at  10  per  cent  overvoltage, 
the  total  core  loss  is  about  23  per  cent  higher  than  it  would 
be  in  the  same  transformer  operated  at  its  rated  voltage. 
Then 

Core  loss  _  1.23  times  normal  core  loss  _  1.23 
Voltage        1.10  times  normal  voltage       1.10 

or  1.12  times  normal  core-loss  current. 

In  other  words,  a  10  per  cent  increase  of  voltage  above  nor- 
mal increases  the  hysteresis  component  of  the  exciting  cur- 
rent 12  per  cent  above  normal.  This  relation  is  not  the 
same  for  all  transformers,  but  depends  upon  the  quality  of 
iron  used,  and  how  near  to  the  knee  of  the  magnetization 
curve  it  is  being  worked  at  normal  voltage,  as  well  as  upon 
the  relation  between  hysteresis  and  eddy-current  losses. 

For  the  effect  of  voltage  changes  upon  the  magnetizing 
current  Im,  consider  Table  II  which  is  adapted  from  Bulletin 
U.  S.  Bureau  of  Standards,  Vol.  5,  No.  4,  on  "The  Testing 
of  Transformer  Steel."  It  shows  for  a  particular  sample 
of  silicon  steel,  such  as  is  used  in  transformers,  the  relation 
between  magnetizing  ampere-turns  per  inch  length  of  trans- 
former core  and  the  flux  density  produced  in  the  core 
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(expressed  in  lines  per  square  inch).  Table  III  is  taken 
from  '' American  Handbook  for  Electrical  Engineers/'  and 
shows  flux  densities  usually  employed  in  transformers. 

TABLE  I 

Yabiation  of  Core  Lobs  in  a  60-Otclb  Transformer  with 

Varying  Voltage 


Par  cent  of  rat«d 

Per  cent  oi  core 
loos  at  rated 
Toltase. 

Per  cent  of  rated 

Per  oent  of  core  Iosb  at 

voltaoe. 

voltace. 

rated  voltace. 

Pbroent 

Percent 

Per  oent 

Per  oent 

80.8 

66.0 

104.0 

109.0 

84.0 

71.0 

105.0 

111.0 

88.0 

77.0 

110.0 

123.0 

92.0 

84.0 

115.0 

137.0 

96.0 

92.0 

119.0 

149.0 

100.0 

100.0 

1 

TABLE  II 


lixMB  of  flux  per 
square  inch. 

Ampere-tums 
J^Tp/jr  per  inch 

length  of  iron  core. 

lines  of  flux  per 
square  inch. 

Ampere-turns  Npiji 

per  inch  length  of  iron 

core. 

20,000 
25,000 
30,000 
35,000 
40,000 
45,000 

0.710 

0.840 

1.02 

1.21 

1.42 

1.66 

50,000 
55,000 
60,000 
65,000 
70,000 
75,000 

1.96 
2.28 
2.69 
3.20 
3.92 
4.80 

From  Bull.  U.  S.  Bureau  of  Standards,  Vol.  At  No.  4,  Magnetixation  Curves  for  Silioon 
fltaei  used  in  Txanafcxmers.  Relation  between  BmtkT  and  amperes  (effective  value)  of 
magnetixing  component  oi  the  exciting  current. 

TABLE  III 
Usual  Values  of  Bm  in  Practibb 


Sixe  of  transformer. 


Small 
Small 
Large 
Large 


Kind  of  steel. 


Ordinary  transformer  sheet. . . 

Silicon  steel 

Ordinary  transformer  sheet.'. . 
Silicon  steel 


Lines  per  square  inch. 


2fi  Cycle. 


50,000 
70,000 
75,000 
90,000 


60  Cycle. 


40,000 
60,000 
65,000 
75,000 


From  American  Eleo.  Engrs.  Handbook.    Wiley  A  Sons,  page  1610. 
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Thus  we  see  that  for  small  (distributing)  transformers 
having  high-grade  (siUcon)  steel,  a  density  of  60,000  lines 
per  square  inch  is  usual  for  60-cycle  circuits.  From  Table  II 
we  see  that  approximately  2.69  ampere-turns  are  necessary 
per  inch.  Now  let  us  operate  this  transformer  at  10  per  cent 
above  its  rated  voltage.  The  flux  density  will  increase  in 
proportion  to  the  voltage  (see  Art.  37),  and  will  become 
66,000  lines  per  square  inch  ( 1 .  10  X  60,000) .  From  Table  II 
we  see  that  this  will  require  the  magnetizing  ampere-turns 
(NpIm)  to  be  increased  from  2.69  to  about  3.35  ampere- 
turns  per  inch.  That  is,  the  total  magnetizing  ampere- 
turns  must  be  increased  in  the  ratio  Ipt^t:  =  tt^]  .    As  the 

\2.69      1.00/ 

niunber  of  turns  is  fixed,  this  means  that  the  magnetizing 
current  Im  must  be  increased  by  25  per  cent  over  its  value 
at  rated  voltage. 

For  example,  let  us  take  a  distributing  transformer  which 
is  rated  15  kv-a.,  2400  to  240  or  120  volts.  By  test  the  core 
loss  is  108  watts,  and  the  copper  loss  calculated  from  full- 
load  current  and  measured  resistance  of  coils  is  224  watts. 
This  transformer  takes  an  exciting  current  of  0.175  ampere 
from  2400-volt  mains.  Let  us  assume  that  it  has  such  steel 
and  operates  normally  at  such  part  of  its  magnetization  curve 
that  the  data  of  Tables  I,  II  and  III  will  apply.    Then  the 

.  XT-    108  watts  core  loss       r.r^AB' 

core-loss  current  Ih  is  ^ttt^ r: r~j  or  0.045  ampere. 

2400  volts  applied  ^ 

Im  is  \/0.175*  -  0.045^  or  0.169  ampere.     Assuming  that 

the  transformer  conforms  to  Tables  I,  II  and  III,  when 

operated  at  normal  voltage,  we  find  that  operation  at  10  per 

cent  overvoltage  (or  at  2640  volts  high-tension)  increases 

/h  to  (1.12  X  0.045)  or  0.0505  ampere  and  Im  to  (1.25  X  0.169) 

or  0.2106  ampere.    The  new  value  of  exciting  current  is 

therefore  Ib  =  V0.05052  +  0.2106^  or  0.2107  ampere.    The 

0  0505 
power-factor  of  the  zero-load  current  is  now  ^'  ^^  or  24  per 

0  045 
cent.    At  normal  voltage  it  was  ^'     ^  or  25.7  per  cent. 
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The  exciting  current  is  usually  so  small  that  ordinary 
variations  of  voltage  such  as  are  due  to  line  drop  would  not 
cause  it  to  become  an  important  factor  in  the  operation  of 
the  transformer.  But  if  the  coils  of  a  transformer,  or  the 
phases  of  a  group  of  transformers,  are  incorrectly  connected, 
the  transformer  may  be  compelled  to  operate  with  a  maximum 
flux  density  as  much  as  two  times  normal,  which  would 
enormously  increase  both  the  core  losses  and  the  exciting 
current.  In  fact,  the  transformer  might  burn  itself  out  while 
unloaded  (with  the  secondary  circuit  open).  This  condition 
would  so  soon  become  apparent,  however,  by  the  destruc- 
tion of  the  transformer,  if  not  otherwise,  that  it  need  not 
be  considered  as  an  operating  condition.  For  usual  varia- 
tions of  voltage,  the  effect  upon  cost  of  operation  and  load 
capacity  of  the  transformer  are  more  important  than  upon 
the  exciting  current. 

When  operating  this  transformer  at  10  per  cent  overvolt- 
age,  the  core  loss  will  be  increased  about  23  per  cent  accord- 
ing to  Table  I,  or  to  123  per  cent  of  the  core  loss  at  normal 
voltage.  The  test  core  loss  was  108  watts.  Core  loss  at 
lOpercentovervoItage  would  equal  1.23  X  108  =  133  watts. 
Now  the  total  losses  in  continuous  operation  cannot  be 
allowed  to  exceed  the  total  losses  (core  loss  plus  copper  loss) 
at  rated  fuU-load,  without  injuring  the  transformer  or  short- 
ening its  life.  Copper  loss  and  core  loss  at  full  load,  normal 
voltage  are  stated  as  224  +  108  =  332  watts.  Therefore  the 
copper  losses  must  be  reduced  to  332  —  133  =  199  watts  at  10 
per  cent  overvoltage.    This  requires  that  the  currents  in 

VlQQ 
both  primary  and  secondary  be  reduced  to     . —  or  0.942  of 

the  values  which  they  have,  respectively,  at  rated  load  and 
rated  voltage.  The  current  output  from  secondary  to  load 
would  have  to  be  reduced  to  something  less  than  94  per  cent, 
on  account  of  the  slight  relative  increase  of  primary  current 
due  to  the  larger  exciting  current  at  overvoltage.  But  if  the 
current  output  of  the  transformer  is  0.94  times  normal  and 
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the  voltage  is  1.10  times  normal,  the  total  kv-a-.  output  is 
1.034  times  normal.  That  is,  we  can  deliver  3.4  per  cent 
more  power  than  the  transformer  is  rated  for  (at  the  same 
power-factor)  by  raising  the  voltage  10  per  cent,  without 
injuring  the  transformer.  However,  the  trick  will  not  bear 
repetition;  for  if  we  were  to  raise  the  voltage  20  per  cent  or 
30  per  cent  above  normal,  we  should  find  that  the  current 
output  must  be  decreased  by  a  greater  percentage  than  the 
voltage  is  increased,  and  the  power  capacity  of  the  trans- 
former at  large  overvoltages  would  be  less  than  its  rated 
kv-a. 

Now  consider  the  increased  cost  of  operating  the  trans- 
former above  rated  voltage.  We  may  look  at  the  matter 
from  several  view-points,  as  indicated  in  the  following  prob- 
lems. Perhaps  it  is  simplest  to  consider  the  difference  in 
core  losses  only.  When  we  operate  at  normal  voltage,  the 
core  loss  is  108  watts,  and  when  we  operate  at  110  per  cent 
of  normal  voltage  it  is  133  watts,  an  increase  of  25  watts. 
This  loss  continues  as  long  as  the  transformer  is  connected  to 
the  mains,  and  in  readiness  to  serve,  which  is  usually  24  hours 
per  day  for  a  distributing  transformer.  The  overvoltage 
therefore  increases  the  daily  energy  loss  by  24  X  26  or  600 

watt-hours,  which  in  one  year  amounts  to — tf^^ —  =  219 

kw-hr.  If  energy  costs  2  cents  per  kw-hr.  delivered  at 
the  transformer,  this  represents  an  extra  operating  cost  of 
0.02  X  219  or  $4.38  per  year  for  this  one  15  kv-a.  trans- 
former. This  additional  operating  expense  may  or  may  not 
be  justified  by  a  greater  power  capacity  of  the  transformer 
due  to  the  overvoltage,  depending  upon  how  nearly  satu- 
rated the  core  is  when  operating  at  rated  voltage,  and  upon 
the  grade  of  iron  used.  Competition  in  transformer  manu- 
facture is  so  keen,  and  the  materials  are  operated  normally 
so  close  to  the  economical  limits  of  densities,  that  it  does 
not  pay  to  operate  at  more  than  a  few  per  cent  over- 
voltage. 
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Prob.  26-8.  The  15  kv-a.  transformer  referred  to  in  the  text 
above  delivers  a  varying  load  equivalent  to  5  hours  full  load  and 
19  hours  zero  load.  Assuming  that  '\full  load''  means  the  same 
cuxrent  out|mt  as  at  rated  load  and  voltage,  calculate: 

(o)  Kilovolt-ampere  output  at  10  per  cent  overvoltage. 

{h)  Core  and  copper  losses  in  watts  at  10  per  cent  overvoltage, 
"fuU-load." 

(c)  Total  energy  lost  in  24  hours  in  kilowatt-hours. 

{d)  £xcess  of  this  energy  lost  at  overvoltage,  over  energy  lost  at 
normal  voltage. 

(e)  Annual  cost  of  this  excess  loss,  at  2  cents  per  kw-hr. 

Prob.  27-3.  Repeat  solution  of  Prob.  26  on  the  assumption 
that  "full  load"  means  the  same  total  kilovolt-ampere  output  as 
rated  on  nameplate  of  the  transformer  (15  kv-a.). 

Prob.  28r>3.  Repeat  solution  of  Prob.  26,  on  the  assiunption 
that  "full  load"  means  the  load  that  gives  same  total  watts  loss 
as  at  rated  load  and  voltage  (332  watts). 

Prob.  29-3.  Calculate  the  commercial  efficiency  and  the  all- 
day  efficiency  of  the  transformer  operated  as  in  Prob.  26. 

Prob.  80-3.  Calculate  the  commercial  efficiency  and  the  all- 
day  efficiency  of  the  transformer  operated  in  Prob.  27. 

Prob.  31-3.  Calculate*  the  conmiercial  efficiency  and  the  all- 
day  efficiency  of  the  transformer  operated  in  Prob.  28. 

Prob.  32-3.  A  distributing  transformer  rated  15  kv-a.  when 
operated  at  rated  voltage  has  a  maximiun  flux  density  of  60,000 
Hiies  per  square  inch  in  its  silicon-steel  core,  which  has  the  character- 
istics indicated  in  Tables  I  and  II.  If  it  be  operated  at  a  pressure 
10  per  cent  lower  than  its  rated  voltage,  calculate: 

(a)  Percentage  decrease  in  magnetizing  current. 

(b)  Percentage  decrease  in  core  losses. 

(c)  Percentage  decrease  in  core-loss  current. 

Prob.  33-3.  At  rated  full-load  the  transformer  of  Prob.  32 
has  an  efficiency  of  98.0  per  cent  and  its  copper  loss  and  core  loss 
are  in  the  ratio  3/2.  The  exciting  current  is  5  per  cent  of  rated 
load  current.    Calculate: 

(a)  Normal  core-loss  current. 

(6)  Normal  magnetizing  current. 

(c)  Exciting  current  at  10  per  cent  below  rated  voltage. 

Prob.  34-3.  (a)  By  what  percentage  may  the  current  output 
of  the  transformer  in  Prob.  32  and  33  be  increased  when  operating 
at  10  per  cent  below  rated  voltage,  without  exceeding  the  total  loss 
and  temperature  rise  corresponding  to  rated  load  and  voltage? 
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(6)  What  would  be  the  largest  allowable  kilovolt-ampere  output 
of  this  transfonner  at  10  per  cent  below  rated  voltage? 

Prob.  35-3.  (a)  If  transformers  like  that  specified  in  Prob.  32 
and  33  cost  approximately  $3.60  per  kv-a.  of  capacity,  by  how  many 
dollars  must  the  investment  be  increased  or  decreased  in  order  to 
furnish  exactly  the  same  kilovolt-ampere  capacity  when  operating 
the  transformers  10  per  cent  below  rated  voltage  as  when  operating 
exactly  at  rated  voltage? 

(6)  What  is  the  total  yearly  cost  of  this  difference  of  investment, 
allowing  6  per  cent  interest,  5  per  cent  depreciation,  and  2  per  cent 
taxes  and  insurance? 

Prob.  36-3.  The  transformer  of  Prob.  32  and  33  operates 
6  hours  at  "full  load"  and  19  hours  at  zero  load  every  day,  on  the 
average,  (a)  By  how  many  dollars  are  the  total  annual  energy  losses 
at  10  per  cent  below  rated  voltage  greater  or  less  than  the  total  annual 
losses  at  rated  voltage,  energy  being  worth  2  cents  per  kw-hr. 
(6)  By  how  many  dollars  are  the  total  annual  eneigy  sales  handled 
through  this  transformer,  increased  or  diminished  by  the  change  of 
voltage?  "Full  load"  is  the  load  which  gives  same  total  watts  loss 
as  rated  load  (15  kv-a.)  at  rated  voltage.  From  the  results  of  Prob. 
35  and  36  together,  discuss  the  total  economic  gain  or  loss  due  to 
operating  transformers  at  less  than  rated  voltage. 

41.  Leakage  Reactance  of  Transformer.  Voltage  Regu- 
lation. It  has  been  shown  that  the  direction  of  e.m.f. 
induced  in  the  secondary  coils  is  such  that  the  currents 
in  the  secondary  circuit  produced  by  this  e.m.f.  oppose  the 
magnetizing  force  of  the  primary  coils.  This  counter  mag- 
neto-motive force  in  the  magnetic  circuit  due  to  the  secondary 
ampere-turns  iV,/,  cannot  reduce  appreciably  the  total 
quantity  of  flux  threading  the  primary  coils,  because  enough 
more  current  will  automatically  flow  in  the  primary  to  gen- 
erate sufficient  flux  and  counter  e.m.f.  to  nearly  equal  the 
line  voltage.  But  the  magnetic  opposition  of  NJt  ampere- 
turns  results  in  forcing  some  of  the  primary  flux  out  of  the 
core,  so  that  it  completes  its  circuit  without  linking  with  the 
secondary  turns.  Similarly,  as  soon  as  the  load  current 
flows,  the  secondary  coil  will  form  some  local  flux-lines 
around  itself,  which  do  not  link  with  the  primary.  Thus, 
Fig.  93  is  the  same  as  Fig.  81,  except  that  it  represents  con- 
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ditions  when  current  flows  in  the  secondary.  The  exciting 
current  maintains  the  mutual  flux  mm  Unking  with  both 
coils,  whether  there  is  a  load  current  or  not.  But  when  the 
load  currents  J,  and  Ip  flow,  a  local  flux  (Ip)  linking  with 
the  primary  turns  and  a  local  flux  (Z,)  linking  with  the  sec- 
ondary turns  are  formed.  These  are  called  "  leakage  fluxes  " 
because  they  have  leaked 
away  from  the  core  into 
the  air,  apart  from  one 
another.  If  they  had  re- 
mamed  in  the  core  through 
all  turns  of  both  coils,  they 
would  have  been  a  part  of 
the  mutual  flux  (m). 

The  primary  leakage  flux 
{Ip,  Fig.  93)  is  in  phase 
with  and  proportional  to 
the  primary  current  Ip 
which  produces  it.  The 
secondary  leakage  flux  U  is 
in  phase  with  and  propor- 
tional to  the  secondary 
current  Is  which  produces 
it.  The  flux  Ip  induces  in  fjq.  93.  when  the  transformer  of  Fig. 
the  primary  coil  an  e.m.f.  81  is  16aded,  a  "leakage  flux"  U  and 
Xpip,  lagging  90°  behind      t  ejdsts  which  does  not  thread  the 

Ip  and  the  primary  current  *^^  ^^  ^"^  ^^^  '^^  *^®  ^  spaces. 

r        rpi ^       7   •   J  •  The  mutual   flux  m,  however,  still 

I  p.     Ihe  nux  (,  mducesm  xu     j  *i,   *  1 

-  1  M  ^  threads  the  two  coils. 

the  secondary  coil  an  e.m.f. 

Xgls  lagging  90°  behind  Z,  and  the  secondary  current  Is. 
These  induced  e.m.f. 's  due  to  the  reactance  representing  the 
leakage  flux  (called  the  ''leakage  reactance ")>  together  with 
the  voltage  drops  IpRp  and  IsRs  due  to  resistance  in  the 
primary  and  secondary  coils,  cause  the  performance  of  the 
actual  transformer  to  be  somewhat  different  from  that  of  the 
ideal  transformer  whose  vector  diagram  was  shown  in  Fig.  89. 


in 
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Thus,  in  the  actual  transformer  having  resistance  and 
(leakage)  reactance  associated  with  each  coil,  the  ratio  be- 
tween terminal  e.m.f.  of  primary  and  secondary  is  not  ex- 
actly equal  to  the  ratio  of  turns.  The  induced  counter  e.m.f . 
Ep  must  change  as  the  load  {Is  and  Ip)  increases,  on  ac- 
count of  voltage  drops  {IpRp  and  IpXp),  due  to  resistance 
and  reactance  of  the  primary.  The  induced  e.m.f.  in  the 
secondary  E3  is  always  equal  to  the  product  of  induced  e.m.f. 

the  primary,  times  the  ratio  of  turns  (E's  —  EpXrr^j' 

But  the  terminal  e.m.f.  E3  of  the  secondary  must  differ  from 
Es  on  account  of  the  yoltage  drops  {Rsis  and  Xsis)  in  the 
secondary  coils.  Therefore,  the  total  change  of  secondary 
terminal  e.m.f.  Es,  due  to  increase  of  load  I3,  depends  very 
much  upon  the  e.m.f.  reactions  caused  by  the  leakage  fluxes,  or 
upon  the  leakage  reactance  of  the  transforxner.  This  change 
in  terminal  voltage,  due  to  change  in  load,  is  called  ''voltage 
regulation." 

The  inherent  voltage  regulation  of  the  transformer  will  be 
improved  by  any  method  of  design  or  construction  which 
reduces  the  leakage  reactance  or  tends  to  hold  all  flux  in 
the  iron  core  and  to  prevent  local  fluxes  from  forming  around 
individual  coils  or  turns.  The  best  and  usual  method  for 
accomplishing  this  improvement  is  to  avoid  bunching  all  of 
either  the  primary  or  th^  secondary  turns  in  a  single  coil, 
as  has  been  done  in  Fig.  93.  Thus,  the  primary  turns  may 
be  divided  into  five  similar  coils  which  are  interleaved  with 
five  or  more  coils  among  which  the  secondary  turns  are 
divided,  as  shown  diagrammatically  in  Fig.  94.  This  ar- 
rangement is  much  superior  to  that  of  Fig.  93,  there  being 
very  little  chance  for  flux  to  pass  through  one  primary  coil 
without  linking  also  with  the  closely  adjacent  secondary 
coils.  Even  if  some  flux  does  leak  away  from  the  iron  core, 
it  must  have  interlinked  at  least  a  part  of  the  secondary 
with  a  part  of  the  primary.  In  other  words,  it  is  a  part  of 
the  mutual  flux  and  does  not  contribute  to  the  voltage  drop 
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or  (liffcit'Hfc  betwi-en  primary  and  socoiidary  voltages,  and 
therefore  it  cannot  be  counted  in  the  leakage  reactance. 
Fig.  95  is  a  photograph  of  a  group  of  primary  and  secondary 


ijgig]^ 


Fig.  94.    The  leakage  flux  is  reduced  by  interleaviog  the  primary 
coils  AB  and  the  secondary  coila  X¥. 

coils  thus  interleaved  and  assembled,  all  ready  to  have  the 
laminated  core  built  up  around  them.  These  coils  are  for 
a  500-kv-a.  66,000-volt  transformer. 


Fid.  95.     A  photograph  of  a  group  of  primary  and  sccnndar]'  <'iiilii 
interleaved  as  in  the  diagram  of  Fig.  94.    The  General  Electric  Co. 

42.  Practical  Vector  Digram  of  the  Transformer.  The 
following  facts  have  been  developed  in  the  foregoing  articles, 
and  the  practical  vector  diagram  must  represent  them  all, 
fts  shown  in  Fig.  96  and  97: 
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(a)  The  primary  coil  carries  an  exciting  current  {Ie)  which 
is  approximately  the  same  at  any  load  as  it  is  at  zero  load  (or 
with  secondary  circuit  open).     This  current  is  usually  small 

Fig.  96.    Practical  vector  diagram  for 
the  transformer. 

^5>'  =  secondary  induced  voltage. 
Is  =  load-current  in  secondary. 
E^a  =  resistance   reaction    in    sec- 
ondary. 
aEa  =  reactance    reaction    in    sec- 
ondary. 
Es  —  secondary  terminal  voltage. 

=  E'ii(B  E'sa  0  aEs. 
Ep  =  voltage  induced  in  primary. 
Ip  —  load  component  of  prinuuy 

Ns 


current  =  .. 
Np 

Ie  —  exciting  current. 

^-* 


X  Is. 


<""^t) 


Ip  —  total  current  in  primary. 
=  I'p  ?  Ie. 
E'lb  =  resistance  reaction  in  primary 
=  Rplp. 
b{—Ep)  =  reactance  reaction  in  primary 
=  Xplp. 
(—Ep)  =  result  of  combined  primary 
induced    voltage,   primary 
resistance  reaction,  and  pri- 
mary reactance  reaction. 
=  E'p'?^  E'pl)   •   bi-Ep). 
Ep  =  voltage  which  must  be  im- 
pressed  upon   primary   to 
overcome  the  opposing 
action  of  —Ep, 


as  compared  with  full-load  current  (from  1  to  10  per  cent), 
and  it  lags  nearly  90°  behind  the  e.m.f.  Ep  impressed  on  the 
primary.  This  current  produces  or  maintains  the  mutual  flux. 
(6)  The  mutual  flux  (m  in  Fig.  81  and  93,  and  <t>  in  the 
vector  diagram),  which  passes  through  both  primary  and 
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secondary  coils,  induces  the  acting 
e.m.f.  Ea  in  the  secondary  and  the 
reacting  counter  e.m.f.  Ep  in  the 
primary.  These  e.m.f.'s  are  in 
exactly  the  same  ratio  as  the  turns. 
That  is,  E's/E'p  =  NJNp. 

(c)  When  the  secondary  circuit 
is  closed,  E»  produces  a  current 
J«,  and  the  magnetic  action  of  this 
causes  a  load  current  Ip  to  flow, 
in  (vector)  addition  to  the  exciting 
current  Ie,  in  the  primary.    The 

load  current  in  pri- 

^*     mary,  Ip  is  opposite 

in  phase  to  the  sec- 
ondary load  current  /„  and  Ip/I, 
=  N./Np. 

(d)  The  total  current  Ip  taken 
by  the  primary  side  from  the  line 
is  the  vector  sum  of  Is  and  I  p. 

(e)  The  terminal  e.m.f.  of  the 
secondary  coils  OE,  in  Fig.  96  and 
97  is  obtained  by  adding  vectorially 

Fig.  97.  A  simplified  prac-  the  resistance  reaction  E^a  and 
tical  vector  diagram  for  the  ^j^^  reactance  e.m.f.  aE.,  due  to 
transformer,  correspondmg  ,     ,         ^  i  ,,  , 

to  Fig.  96.  In  this  figure  '^^^^^e  flux  around  the  secondary 
the  voltages  required  to  coils,  to  the  total  e.m.f.  OEi  which 
overcome  the  various  pri-  is  induced  in  the  secondary.  The 
mary  reactions  are  shown  resistance  reaction  Eia  is  numeri- 
lather  than  the  reactions  ^^j,  ^  ^^j  ^^  j^j^  ^^^  ^  opposite 
themselves.       Thus     b'Ep  ^     t  •       i  mi      i     i 

represents  the  voltage  r^  *«  ^'  ^^  P*^^^'     The  leakage  react- 
quired  to  overcome  the  pri-  ^^^^  e.m.f.  aE,  is  numerically  equal 
mary  reactance,  and— ^i*',   to  XJ,  and  lags  90°  behind  /,. 
the  voltage  to  overcome  the       (f)  The  terminal  e.m.f.  of  the 
primary  resLstance,  etc.         primary,  OEp  in  Fig.  96  and  97,  is 

the  e.m.f.  which  must  be  impressed  upon  it  in  order  to 
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produce  E,  volts  at  the  terminals  of  the  secondary,  which 
is  delivering  /,  ami^eres  to  a  load.  Ep  must  be  equal  and 
opposite  to  the  (vector)  sum  of  the  induced  counter  e.m.f. 
Ep  and  the  reacting  e.m.f/s  due  to  the  resistance  and  the 
leakage  flux  in  the  primary  coils.  In  Fig.  96  we  have  added 
(vectorially)  the  resistance  reaction  E'jjb  and  the  e.m.f. 
b{—Ep)  induced  by  primary  leakage  flux,  to  the  primary 
induced  counter  e.m.f.  OEp,  to  get  the  total  e.m.f.  0{—Ep) 
which  the  line  e.m.f.  must  overcome  or  balance.  The  line 
e.m.f .  OEp  must  be  equal  and  opposite  to  this  total  reacting 
e.m.f.  0{  —  Ep),  The  resistance  reaction  E^b  in  the  primary 
is  equal  in  value  to  Rpip  and  opposite  in  phase  to  /p.  The 
e.m.f.  bi  —  Ep)  induced  by  the  primary  leakage  flux  is  equal 
in  value  to  Xpip  and  lags  90°  behind  I  p. 

Fig.  97  is  exactly  the  same  as  Fig.  96,  but  simplified.  Is 
and  /'  have  been  left  out,  showing  only  the  total  currents 
in  primary  and  secondary.  The  construction  for  deriving 
OE^  from  0E\  is  exactly  the  same  as  in  Fig.  96.  The  vector 
0(  —  Ep)  represents  the  component  of  primary  impressed 
e.m.f.  that  is  required  to  overcome  the  induced  counter  e.m.f. 
OEp,  To  it  are  added  the  component  of  impressed  e.m.f. 
—  JBpb'  required  to  overcome  the  resistance  reaction  and 
the  component  of  impressed  e.m.f.  b'Ep  required  to  over- 
come the  e.m.f.  induced  by  primary  leakage  flux.  These 
latter  two  components  are  exact  counterparts  or  opposites 
of  the  corresponding  reactions  shown  in  Fig.  96.  The 
student  may  take  his  choice  between  Fig.  96  and  97  on  the 
basis  of  simplicity  and  clearness. 

The  power-factor  of  the  load  is  cos  fi  and  the  power-factor 
of  the  whole  transformer  (or  of  the  primary  current  Ip)  is 
cos  a, 

43.  Voltage  Regulation  Depends  on  Power-Factor. 
When  the  load  is  non-inductive,  or  when  the  current  /,  de- 
livered by  the  secondary  is  nearly  in  phase  with  the  second- 
ary terminal  e.m.f.  J5/„  the  variations  of  Eg  due  to  changes 
of  /,  are  principally  due  to  the  resistances  of  the  coils  and 
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not  so  much  to  the  leakage  reactances.    But  when  the  load 

current  /«  leads  or  lags  nearly  90P  with 
respect  to  E,  (or,  when  the  load  power- 
factor  is  low)  the  variations  of  E,  due  to 
changes  of  /«  are  principally  caused  by 
leakage  reactance,  and  not  so  much  by 
coil  resistance. 

The  reasons  for  these  statements  are 
shown  in  Fig.  98,  99  and  100.  In  Fig.  98 
the  load  has  100  per  cent  power-factor 
(angle  P  =  0),  and  we  see  that  resistance 
drops  RJt  and  Rpip  in  the  secondary  and 
primary  are  thus  broughtintoalmost  direct 
linewiththevectorsofinducede.m.f.,  while 

the  reactance  drops  XJ, 
^^    and  XpIp  are  almost  per- 
pendicular to  the  induced 
^"^  /  e.m.f.'s.    On  account  of 

this,  the  difference  between  Ep  and  Ep 
and  between  Ei  and  E„  or  the  variation 
of  E»  due  to  load  (while  Ep  is  maintained 
constant)  is  caused  almost  entirely  by  the 
resistance  reactions  RJ,  and  Rplp. 

The  diagram  for  lagging  load  of  low 
power-factor  is  shown  in  Fig.  99.  The 
power-factor  of  the  output  of  the  trana- 
former  is  cos  /9,  and  of  the  input  is  cos  a. 
E^G.  98.  The  di£Fer-  We  see  that  in  this  case  the  reactance 
ence  between  Es  drops  XJ,  and  XpIp  are  almost  directly 
andf^pX^Yi.e.,  in  line  with  the  induced  and  terminal 
the  regulatk)n,  is  voltages,  while  the  resistance  drops  RJ, 
due  mostly  to  the  and /2p^p  are  almost  perpendicular  thereto. 

reoBUncediopEia  Consequently  the  variation  of  E.  due  to 
because  the  power-     ,  ^    t     -         •     •     «  i    ^ 

f actOT  of  the  load  is  change  of   7.   is  pnncipally  caused  by 

unity.  leakage  reactance. 

The  diagram  for  leading  load  of  low  power-factor  is  shown 
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in  Fig.  100.  The  same  remarks  apply  here  as  to  the  diagram 
for  lagging  load.  Notice  in  this  case,  however,  that  the  leak- 
age reactances  tend  to  make  Ep^  larger  than  Ep  and  E^ 
larger  than  Ei.     That  is,  if  we  keep  the  line  voltage  Ep 

"Xplp 


Fig.  99.  The  difference  between  ^a*  and  (  ^p  X  ^ji  i.e.,  the  regula- 
tion, IS  due  mostly  to  the  reactance  drops  Xsis  and  Xplp^  because 
the  power-factor  of  the  load  is  nearly  zero. 

constant,  as  usual,  the  secondary  terminal  voltage  B,  tends 
to  rise  as  the  leading  load  /« increases,  on  account  of  leakage 
reactance. 

44.  Importance  of  Regulation  of  the  Transformer.  At 
this  point  we  must  distinguish  between  ''constant-potential 
transformers"  and  "constant-current  transformers."  A 
constant-potential  transformer  is  one  whose  primary  takes 
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power  from  constant-voltage  mains  and  whose  secondary 
delivers  power  at  as  nearly  constant  voltage  as  is  practicable. 
A  constant-cmrent  transformer  is  one  whose  primary  takes 
power  from  constant-voltage  mains,  and  whose  secondary 


Fig.  100.  The  secondary  terminal  voltage  Es  may  actually  be  greater 
than  the  secondary  induced  e.m.f .  Es  if  the  load  has  a  leading  power- 
factor. 

delivers  power  at  as  nearly  constant  current  as  possible,  the 
terminal  e.m.f.  of  the  secondary  being  automatically  main- 
tained at  a  value  which  is  as  nearly  as  possible  proportional 
to  the  impedance  of  the  load  circuit.  By  far  the  larger 
number  of  transformers  are  of  the  constant-potential  type, 
including  station  or  power  transformers  and  distributing 
transformers. 
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The  official  definition  of  ''regulation''  for  constant-voltage 
transformers  is  given  in  Art.  284,  Standardization  Rules  of 
A.LE.E.,  Dec.  1914. 

''In  constant-potential  transformers  the  regulation  is  the 
difference  between  the  no-load  and  rated-load  values  of  the 
secondary  terminal  voltage  at  the  specified  power-factor 
(with  constant  primary  impressed  terminal  voltage),  ex- 
pressed in  per  cent  of  the  rated-load  secondary  voltage,  the 
primary  voltage  being  adjusted  to  such  a  value  that  the 
apparatus  delivers  rated  output  at  rated  secondary  volt^e. " 

If  the  resistances  and  leakage  reactances  of  the  primary 
and  secondary  coils  of  the  transformer  are  relatively  large, 
the  voltage  regulation  is  high,  or  poor.  That  is,  the  trans- 
former itself  contributes  to  the  voltage  drop  or  fluctuation 
of  voltage  due  to  load  currents,  which  is  undesirable.  For 
this  reason  it  is  usual  for  the  purchaser  of  transformers  to 
specify  that  their  regulation  shall  not  exceed  certain  values 
as  maximum  limits,  or  to  select  and  purchase  those  trans- 
formers which  have  the  lower  or  better  regulation.  Some 
purchasers  have  already  regretted  doing  this,  and  are  now 
demanding  transformers  with  poorer  regulation,  particularly 
in  the  large  sizes  which  are  used  in  connection  with  systems 
having  a  large  amount  of  generating  capacity.  The  reason 
is  simple.  Good  regulation  is  obtained  by  making  the  coil 
resistances  small  and  by  designing  and  arranging  the  coils 
so  that  the  leakage  flux  and  leakage  reactance  are  small. 
In  consequence,  the  impedance  of  the  transformer  is  small. 
If  the  secondary  becomes  short-circuited  a  very  large  current 
will  therefore  flow. 

In  fact,  if  the  impedance  is  2  per  cent  (that  is,  if  the  volt- 
age drop  consumed  by  impedance  with  rated  full-load  current 
flowing  is  2  per  cent  of  rated  voltage),  a  current  equal  to  50 

/lOO  per  cent  of  rated  voltageX      ^    y  ^  ^^  ^     a 

times  I    ^     7—7 — -—5 — r: — ^  J  rated  full-load  current 

\  2  per  cent  of  rated  voltage  / 

will  flow  when  the  secondary  is  short-circuited.    This  pre- 
sumes that  the  generating  plant  and  the  transmission  line 
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between  generators  and  transformers  are  large  enough  to 
maintain  full  normal  voltage  while  delivering  this  excessive 
current.  A  current  50  times  normal  produces  magnetic  or 
mechanical  forces  between  the  coils  and  internal  parts  of  the 
transformer,  which  are  5(P  or  2500  times  as  large  as  those 
which  exist  at  rated  full-load.  As  in  the  case  of  generators 
(see  Art.  17),  this  possibility  of  excessive  forces  requires  that 
we  shall  either  design  the  transformer  with  a  very  great 
factor  of  safety  and  Uberality  of  mechanical  strength,  or 
design  it  so  that  the  impedance  of  the  transformer  shall  be 
high  and  the  voltage  regulation  correspondingly  poor,  thus 
limiting  the  short-circuit  current  to  lower  values. 

Frequently  a  number  of  transformers  are  interconnected 
in  parallel,  as  will  be  explained  later.  If  the  percentage 
impedances  of  the  transformers,  when  so  connected,  are  not 

exactly  equal,  the  transformer  with  the  larger  percentage 
impedance  (indicated  by  a  poorer  or  higher  regulation)  will 
"shirk"  or  "lie  down"  — that  is,  it  will  not  take  its  proper 
share  of  the  load;  and  the  transformer  with  the  lower  per- 
centage impedance,  or  better  voltage  regulation,  is  likely  to 
overload  itself  and  burn  out.  The  moral  is,  that  trans- 
formers should  not  have  their  secondaries  tied  together  in 
parallel  unless  their  percentages  of  impedance  are  nearly 
equal,  or  unless  their  voltage  regulations  at  the  same  power- 
factor  are  nearly  equal. 

Improvement  of  the  regulation  of  a  transformer  can  be 
accomplished  only  at  the  sacrifice  of  other  characteristics, 
or  by  an  increase  in  the  amount  of  active  material  in  the 
transformer,  or  by  improvements  in  the  quality  of  this 
material  or  of  the  workmanship.  In  other  words,  better 
regulation  costs  more  money  in  one  way  or  another.  For 
instance,  one  way  to  improve  regulation  is  to  reduce  the  coil 
resistances.  But  this  requires  a  larger  cross-sectional  area 
and  greater  weight  and  cost  of  copper.  Another  method  is 
to  reduce  leakage  by  using  a  core  of  lower  magnetic  reluc- 
tance.   But  this  requires  a  larger  cross-sectional  area  of  core 
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and  weight  and  cost  of  iron.  In  view  of  these  facts,  the  wis- 
dom of  requiring  very  close  voltage  regulation  in  the  trans- 
former (or  in  the  generator  or  transmission  line  either,  for 
that  matter)  may  reasonably  be  questioned,  particularly 
since  it  is  possible  to  compensate  voltage  ch..nges  at  the  end 
of  the  line  by  an  automatic  "feeder  voltage  regulator"  (see 
Art.  63).  Usual  values  of  regulation  for  distributing  trans^ 
formers  are  from  1  to  2  per  cent  for  sizes  of  10  kw.  and  larger, 
sometimes  as  large  as  4  per  cent  for  smaller  sizes  and  low 
power-factors  of  load. 

46.  Impedance  of  the  Transformer.  Equivalent  Resist- 
ance and  Reactance.  If  we  knew  the  exact  values  of  the 
resistance  R,  and  the  reactance  X,  of  the  secondary  coils, 
and  of  the  resistance  Rp  and  reactance  Xp  of  the  primary 
coils  of  any  given  transformer,  we  could  by  means  of  Fig.  98, 
99  or  100  find  its  voltage  regulation  in  per  cent.  We  would 
adjust  the  line  voltage  Ep  to  a  value  which,  after  all  the 
voltage  drops  were  vectorially  subtracted  as  shown,  would 
produce  rated  volts  E^  at  the  terminals  of  the  secondary 
while  the  transformer  is  deUvering  rated  full-load  amperes, 

7„  or  rated  full-load  kilo  volt-amperes,  (TT^d)-    Now,  when 

the  load  is  entirely  removed  by  opening  the  secondary  cir- 
cuit, the  voltage  drop  in  both  primary  and  secondary  is 
reduced  to  zero  (if  we  neglect  the  drop  in  primary  due  to 
exciting  current,  which  is  relatively  insignificant).  Thus  if 
the  line  voltage  Ep  be  maintained  constant  (see  definition 
of  regulation)  the  induced  counter  e.m.f.  in  the  primary  will 
become  equal  to  Ep  at  zero  load,  and  the  secondary  terminal 

e.m.f.  will  change  to  a  value  of  iEp  X  tt^).     Therefore, 


(^"Xrj-^- 


Regulation  in  per  cent  =  -^ ^ X  100  per  cent. 

/if. 

However,  this  method  cannot  be  applied  as  indicated  in 

Fig.  98,  99  and  100  and  the'^equation  above,  for  the  reason 
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that  there  is  no  practical  way  to  measure  Xp  and  X«  sepa- 
rately. We  can  measure  Rp  and  R,  separately  by  the  am- 
meter-voltmeter method  or  the  Wheatstone  bridge  (see 
Timbie's  "Elements  of  Electricity,  Chapter  V).  We  can 
also  calculate  the  combined  effect  of  Xp  and  X«  from  readings 
taken  during  a  short-circuit  test  of  transformer  as  in  Fig.  91. 

The  most  practical  solution  of  the  difficulty  is  to  use  what 
are  known  as  the  equivalent  reactance  and  the  equivalent  re- 
sistance of  the  transformer. 

Consider  the  resistance  J?,  and  reactance  X,  of  the  second- 
ary to  be  reduced  to  zero,  and  enough  extra  resistance  R'  and 
reactance  X'  to  be  added  in  the  primary  circuit  to  cause  the 
secondary  terminal  e.m.f .  to  have  the  same  value  E,  as  in  the 
actual  transformer  at  full  load.  Then  the  total  resistance  of 
the  primary  {Rp  +  R')  is  known  as  the  equivalent  primary  re- 
sistance, and  the  total  reactance  of  the  primary  {Xp  +  X') 
is  known  as  the  equivalent  primary  reactance.  To  find  the 
relation  between  R'  and  fi«,  and  between  X'  and  X„  let  us 
consider  Fig.  101,  which  is  quite  similar  to  Fig.  98  or  99 
having  but  a  few  additional  vectors.  In  this  demonstration, 
as  in  all  calculations  of  regulation,  we  neglect  entirely  the 
exciting  current  and  the  very  small  reactions  or  drops  due  to 
it,  considering  only  the  currents  due  to  load. 

In  Fig.  101  we  have  the  following  values  and  relations  shown: 

Et  =  induced  e.m.f.  in  secondary,  due  to  mutual 

flux. 
Ep  =  induced  (counter)  e.m.f.  in  primary,  due  to 

mutual  flux. 

E'r.  =  E'.X  ^'- 

/,  =  load  current  (or  total  current)  in  secondary. 
Ip  =  load  current  (assumed  to  be  total  current) 
in  primary. 

/p  =  vjA  X  /•,  and  Ip  is  exactly  opposite  in  phase 

•     ISp 

to  /,. 
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Vector  £ia  =  £«/«,  and  is  exactly  opposite  in  phase  to 

/«  (parallel  to  Z.),  because  it  represents 
the  voltage  reaction  due  to  the  resist- 
ance in  the  secondary. 
Vector  oJSf,  =  X/„  and  is  90°  behind  /,  (perpendicular 

to  /«),  because  it  represents  the  voltage 
induced  by  the  leakage  flux  around  the 
secondary. 
—E'Jb^  =  Rpip,  and  is  exactly  in  phase  with  Ip  (par- 
allel to  Ip),  because  it  represents  the 
e.m.f.  to  overcome  resistance  reaction  in 
the  primary. 
VEp   —   Xplpy  and  is  90°  ahead  of  Ip  (perpendicular 
to  Ip),  because  it  represents  the  e.m.f.  to 
overcome  reaction  due  to  leakage  induc- 
tance of  the  primary. 
Now  if  we  consider  JR«  and  X«  to  be  zero,  and  their  identical 
effects  upon  E,  to  be  produced  by  a  resistance  ft'  and  a  re- 
actance X'  which  are  added  to  the  primary,  the  voltage  drop 
in  the  secondary  becomes  zero,  and  the  induced  e.m.f.  in 
the  secondary  becomes  identical  with  the  terminal  e.m.f .  J?«. 
But  it  Eg  is  the  induced  e.m.f.  in  the  secondary,  the  induced 
e.m.f.  in  the  primary  on  this  assumption  now  becomes  Ei', 

which  is  equal  to  I  Eg  X  ^)  in  value.    The  vector  shown  as 

—Si'  in  Fig.  101  is  really  the  component  of  impressed  e.m.f. 
consumed  in  overcoming  this  assumed  induced  counter  e.m.f. 
in  the  primary.  Now,  j ust  as  the  difference  between  —  Ep  and 
Ep  is  produced  by  Rpip  and  Xplp,  so  the  difference  between 
-£i'  and  -E'p  is  produced  by  ft'/p  and  X'Ip.  Thus,  if 
Ep  volts  are  impressed  upon  the  terminals  of  the  primary, 
—Ep  volts  remain  after  the  reactions  RpIp  due  to  primary 
resistance  and  Xpip  due  to  primary  reactance  have  sub- 
tracted themselves  (vectorially,  of  course).  Then  —  jBJ' 
volts  remain  after  the  reactions  due  to  the  additional  resist- 
ance  R'  and  reactance  X',  representing  the  voltage  drops 
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Fig.  101.  The  voltage 
drops  in  the  second- 
ary r^resented  by 
the  triangle  EiaEs 
can  be  represented 
as  though  they  took 
place  in  the  primary, 
by  the  triangle 
(^Ei')e(-E'p). 


Fig.  102.  The  equiv- 
alent primary  volt- 
age drops  can  be 
represented  by  the 
triangle  EsdEp, 
which  is  made  up  of 
the  sides  of  the  tri- 
angles —  Efb'Ep  and 
-Ei'c  {-E'p)  of 
Fig.  101. 


Fig.  103.  When  the 
secondary  is  short- 
circuited,  the  volt- 
age Ep  is  required  to 
overcome  the  equiv- 
alent primary  imped- 
ance with  full-load 
current  flowing  in  the 
secondary.  OD  = 
volts  to  overcome 
equivalent  primary 
resistance.  dEp  = 
volts  to  overcome 
equivalent  primary 
reactance. 
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in  the  secondary,  have  subtracted  themselves.  This  re- 
maining e.m.f.  —E't'  would  therefore  represent  the  induced 
counter  e.m.f.  in  the  primary,  or  rather  that  part  of  the  im- 
pressed primary  e.m.f.  which  is  consumed  in  overcoming  it. 

The  induced  e.m.f.  in  secondary  would  bejequal  to  f^i'X  -rr^J 

and  this  is  equal  to  £«,  as  we  assumed  in  drawing  the  diagram. 

Now  notice   that   the   triangle   EpOEi'   is   exactly  similar   to 

N  N 

triangle  E»OE,,  as  Ep  =  zf  X  El,  Ei'  =  z-/^  X  E„  and  the  angle 

N  t  N  g 

between  OEp  and  OEi'  is  exactly  equal  to  the  angle  between  OEm 
and  OE,*  Therefore  it  follows  that  the  sides  E'pE'/  and  E^E^ 
bear  the  same  ratio  to  each  other  as  any  other  similar  sides  of  the 
two  triangles;  or, 

(E'pE'/)  =  I?  X  {e:E.). 

Now  let  EpE't'  be  resolved  into  two  components,  one  (J^i'c)  par- 
allel to  I  sip  and  the  other  (E'pc)  perpendicular  to  /g/p.  It  will  be 
seen,  and  may  be  proved,  that  the  triangles  (E'jfiE,)  and  {EgaEg) 
are  exactly  similar,  from  which  it  follows  that  any  similar  sides 
bear  the  same  ratio  to  each  other.    That  is, 

and 

(cE'p)  =  ^  X  (aE.)  =  ^  X  (X./.). 

But  since  (Ei'c)  is  parallel  to  /p,  and  cEp  is  perpendicular  to  Ip, 
and  together  they  represent  the  total  drop  due  to  R'lp  (the  drop 
across  the  extra  primary  resistance)  and  X7p  (the  drop  across  the 
extra  primary  reactance),  it  follows  that: 

Rip  =  Ei'c  =  ^  X  RJ. 
and 

Ji.    I  n   ^   Clfjn    ^    'TZ~    X   A.tl§, 

N9 

*  Two  triangles  are  similar  when  two  sides  of  one  triangle  are  pro- 
portional respectively  to  two  sides  of  the  other  and  the  included  angles 
are  equal.  If  two  triangles  are  similar,  their  corresponding  sides  are 
proportional. 
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N 
To  simplify  still  further,  we  make  use  of  the  relation  !,  =  -j—  I  p. 

Thus,  substituting  in  the  above  equation,  we  get: 

fl'/p  =  ^  X  «.  X 1^  /„  or  B'  =  (0fi., 


and 

X'l,  -  ^'  X  X.  X  ^J/p,  or  X'  =  (0X.. 

We  are  now  prepared  to  state  that: 

(N  V 

(N  V 

Example  4.  A  transformer,  rated  15  kv-a.,  with  windings  ar- 
ranged to  step  down  from  2400  to  240  volts,  has  a  primary  resistance 
of  2.335  ohnis  and  a  secondary  resistance  of  0.02745  ohm.  What 
is  the  eqaiyalent  primary  resistance?  What  would  be  the  equivalent 
secondary  resistance? 


Equivalent  primary  resistance     =  2.335  +  i'l^TTrl  X  0.02745 

=  2.335  +  2.745 
=  5.080  ohms. 

(240  V 
rjtrr  1   X  2.335  +  0.02745 

=  0.02335  +  0.02745 
=  0.05080  ohm. 

The  total  equivalent  impedance  drop,  reduced  to  terms  of 
primary,  is  represented  by  the  vector  EpEi'  in  Fig.  102, 
which  is  seen  to  be  exactly  the  same  as  Fig.  101,  with  some 
of  the  construction  lines  omitted.  The  total  impedance 
drop  evidently  is  the  vector  sum  of  the  total  resistance  drop 
[E^/d,  =  {Rp  +  R')Ip],  due  to  equivalent  primary  resist- 
ance and  primary  current,  and  the  total  reactance  drop 
[dEp,  —  {Xp  +  X')/J,  due  to  equivalent  primary  reactance 
and  primary  current.  Of  course  the  total  resistance  drop 
and  the  total  reactance  drop  are  in  quadrature  with  each 
other,  because  the  former  is  in  phase  with  Ip  while  the  latter 
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leads  /p  by  90®.  The  total  impedance  drop  in  the  primary 
is  usually  expressed  as  a  percaitage  of  the  rated  primary 
voltage  (£p).  So  also  are  the  total  resistance  drop  and  the 
total  reactance  drop  (reduced  to  the  primary  as  shown  in 
Example  4)  expressed  as  percentage  of  the  rated  primary 
volts  Ep,  By  this  means  it  is  much  easier  to  compare  trans- 
formers of  different  sizes  with  one  another. 

Example  6.  (a)  What  would  be  the  per  cent  resistance  drop  of 
the  transformer  in  Example  4? 

(6)  If  this  transformer  has  an  equivalent  primary  impedance  of 
2.0  per  cent,  what  is  the  total  equivalent  reactance  drop  in  per  cent 
and  in  primary  volts,  and  what  is  the  equivalent  primary  reactance 
in  ohms? 

As  the  rated  capacity  is  15,000  volt-amperes  and  the  primary 

voltage  is  2400,  the  full-load  current  (neglecting  the  exciting  cur- 

1  ^  ono 
rent  and  the  losses)  is     \^       =  6.25  amperes  in  the  primary  or  high- 

tension  coil.  As  the  equivalent  primary  resistance  is  5.08  ohms, 
the  primary  equivalent  resistance  drop  is  5.08  X  6.25  =  31.75  volts. 
This  is  represented  by  E»d  in  Fig.  102.  If  the  equivalent  primary 
impedance  is  2.0  per  cent,  the  total  impedance  volts  (represented 
by  ^p^;'  in  Fig.  102)  is  2.0  per  cent  of  2400  volts,  equals  48  volts. 
Therefore  the  equivalent  primary  reactance  drop  (d^p,  in  Fig.  102) 


36 


must  be  equal  to  V(48)*  -  (31.75)«  =  36  volts,  which  is  -rj^  or 

1.5  per  cent  of  the  rated  primary  voltage.    The  equivalent  react- 
ance, in  ohms,  is  equal  to  reactance  volts  divided  by  primary  cur^ 

Oft 

rent,  or  t-^  =  5.76  ohms.    Or,  we  may  say  that  the  equivalent 
6.25 

primary  resistance  drop  of  31.75  volts  is  1.322  per  cent  of  the  rated 

^  '      =  0.01322 ),  and  that  therefore  the  reactance  drop 
2400  / 

must  be  equal  to 

V(2.0%)»  -  (1.322%)2,  or  1.5  per  cent. 

46.  Short-circuit  Test  for  the  Impedance  of  a  Trans- 
former. Now  let  us  short  circuit  the  secondary  of  a  trans- 
former and  apply  enough  voltage  to  the  primary  to  send 
full-load  current  /,  through  the  short-circuited  secondary. 
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The  terminal  voltage  of  the  secondary  is  reduced  to  zero 
(PE9  =  0)  and  all  voltage  impressed  upon  the  primary 
(0£p)  is  consumed  in  overcoming  the  impedance  of  the  trans- 
former. This  is  shown  in  Fig.  103,  where  the  primary  im- 
pressed  voltage  OEp  is  equal  to  the  total  equivalent  primary 
impedance  drop,  consisting  of  resistance  drop  Od  and  reac- 
tance drop  dEp.  Fig.  103  should  be  compared  with  Fig.  102 
and  101,  as  they  all  represent  conditions  in  the  same  trans- 
former with  same  resistances  and  reactances  and  the  same 
current  flowing  in  each  coil.  The  ratio  of  this  transformer 
is  2  :  1.  Obviously,  if  we  divide  the  voltage  impressed  upon 
the  primary  of  the  short-circuited  transformer  by  the  current 
which  it  produces  in  the  primary,  we  shall  get  the  equivalent 
primary  impedance,  in  ohms.     If  Ep  is  just  sufficient  to  cause 

Ev 

rated  full-load  current  to  flow,  then  --7—5 — : — n —  X 

rated  prunary  voltage 

100  per  cent  is  the  per  cent  impedance  of  the  transformer. 

Example  6a«  The  low-tension  side  of  a  transformer,  rated  5  kv-a., 
2400/240  volts,  60  cycles,  is  short-circuited  through  an  ammeter. 
The  voltage  across  the  primary  terminals  has  to  be  made  72  volts 
in  order  to  produce  rated-load  current  through  the  ammeter.  The 
resistances  of  the  primary  and  secondary  coils  are  measured  and 
found  to  be  11.53  and  0.1153  ohms  respectively.  Calculate  the 
equivalent  primary  reactance  in  per  cent,  volts,  and  ohms,  and 
the  copper  loss  at  full  load  in  each  coil. 

Full-load  current  in  the  low-tension  coil  means  full-load  current 

1      •     Au    u-  u  4.      •  T     rpt  •    •  IX    ^^^  volt-amperes 

also  m  the  high-tension  cou.    This  is  equal  to ^tttz: — 7: 9 

2400  volts 

or  2.08  amperes.    The  equivalent  primary  impedance  is  evidently 

72 
equal  to  rrrr  =  0.03,  or  3  per  cent.     In  ohms,  this  equivalent 

.72 
primary  impedance  is  rrrr ,  or  34.6  ohms.    The  equivalent  primary 

(2400\2 
^Tgj    X  0.1153  =  23.06   ohms,   or   23.06 

X  2.08  =  48  volts,  or  — -r  =  0.02  =  2  per  cent. 
Therefore  we  should  have: 
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Equivalent  primary  reactance,  in  per  cent, 

=  V(3%)*  -  {2%y      =  2.24  per  cent. 

Equivalent  primary  reactance,  in  volts, 

=  V(72)2  -  (48)»         =  53.7  volts. 

Check:  2.24  per  cent  of  2400  volts         =  53.7  volts. 

Equivalent  primary  reactance,  in  ohms, 

=  \/(34.6)*  -  (23.06)*  =  25.8  ohms. 

Check:  r-;^r =  25.8  ohms. 

2.08  amp. 

Copper  loss  at  full  load  in  high-tension  coil, 

=  11.53  X  2.08*  =  49.8  watts. 

Copper  loss  at  full  load  in  low-tension  coil, 

=  0.1153  X  20.8*  =  49.8  watts. 

Total  copper  loss  =  49.8  +  49.8  =  99.6  watts. 

Check:  2  per  cent  of  5000  watts  =  100  watts. 

At  this  point  we  may  notice  the  great  convenience  of 
working  with  percentage  values  of  impedance,  resistance,  and 
reactance  of  the  transformer.  If  these  be  expressed  in  ohms, 
it  becomes  necessary  for  us  to  state  whether  they  refer  to 
the  high-tension  or  the  low-tension  coil;  but  if  they  be  ex- 
pressed in  percentage,  the  same  value  refers  to  either  high- 
tension  or  low-tension  coil. 

Example  6.  A  15  kv-a.  2400/120  volt  transformer  has  a  resist- 
ance of  2.963  ohms  in  the  liigh-tension  winding  and  0.00685  ohni 
in  the  low-tension  winding.  Calculate  the  equivalent  resistance 
in  terms  of  both  primary  and  secondary,  in  ohms  and  in  per  cent. 

Rated-load  current  in  high-tension  coil  (neglecting  exciting  cur- 

rent  and  losses)  is    ,*        =  6.25  amperes,  and  in  low-tension  coil 

2400 

.,  .    15,000      /^  ^^       2400\      ,^^ 

It  IS  -^-  =  (6.25  X  -Y2Q  j  =  125  amperes. 

Equivalent  resistance,  in  terms  of  high-tension  coil, 

/2400\* 
=  2.963  +  0.00685  X  (^  j 

=  5.703  ohms. 
Equivalent  resistance,  in  terms  of  low-tension  coil. 


=  0.00685  +  2.963  X 
=  0.01426  ohm. 


/ 120  \* 
\2400/ 
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Total  resistance  drop,  in  terms  of  high-tension  coil, 

=  5.703  X  6.25 
=  35.6  volts. 

—jrr  X  100  per  cent  j  or  1.485  per  cent  of  the  high-tension 

voltage. 

Total  resistance  drop  in  terms  of  low-tension  coil  =  0.01426  X  125 

=  1.782  volts. 

(1 782  \ 

'        X  100  per  cent  j  or  1.485  percent  of  the  low-tension 

voltage. 

Prob.  37-3.  A  transformer,  rated  350  kv-a.,  60  cycles,  11,000/ 
2300  volts,  has  an  impedance  of  1.67  per  cent  and  total  PR  loss  of 
1792  watts  with  full-load  current  flowing.  Calculate  the  equiva- 
lent impedance  in  ohms,  as  referred  to  (a)  high-tension  coil,  (b)  low- 
tension  coil. 

Prob.  3d-3.  Calculate  the  total  equivalent  resistance  in  ohms 
and  in  per  cent  for  the  transformer  specified  in  Prob.  37. 

Prob.  3^3.  Calculate  the  equivalent  reactance  of  the  trans- 
former specified  in  Prob.  37.  (a)  In  ohms  referred  to  high-tension 
coil.    (6)  In  ohms  referred  to  low-tension  coil,     (c)  In  per  cent. 

Prob.  40-3.  Calculate  what  current  would  flow  if  the  trans- 
former of  Prob.  37  were  to  be  short-circuited  while  connected  to  a 
generating  plant  and  transmission  line  of  capacity  suflicient  to  hold 
the  voltage  up  to  80  per  cent  of  normal,  (a)  In  per  cent  of  rated 
current  of  the  transformer.     (6)  In  amperes  on  low-tension  side. 

Prob.  41-3.  Calculate  the  rate  of  heating  the  copper  in  the 
transformer  of  Prob.  40  (a)  in  watts,  (6)  in  per  cent  of  the  rate  of 
heating  at  rated  full-load. 

Prob.  42-3.  A  transformer,  rated  350  kv-a.,  60  cycles,  34,650/ 
430  volts,  is  equipped  with  internal  magnetic  shunts  to  increase  its 
leakage  reactance  for  protection  against  injury  on  short-circuits. 
The  impedance  is  thereby  increased  to  18.2  per  cent.  The  total 
copper  (PR)  loss  with  full-load  current  flowing  in  both  coils  is  1885 
watts.    Make  same  calculations  as  required  in  Prob.  37. 

Prob.  43-3.  Make  same  calculations  for  transformer  of  Prob.  42 
as  required  in  Prob.  38. 

Prob.  44-3.  Make  same  calculations  for  transformer  of  Prob.  42 
as  required  in  Prob.  39. 

Prob.  45-3.  Make  same  calculations  for  transformer  of  Prob.  42 
as  required  in  Prob.  40. 

Prob.  46-3.  Make  same  calculations  for  transformer  of  Prob.  42 
as  required  in  Prob.  41. 
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47.  Calculation  of  Regulation  for  Constant-voltage 
Transformer.  Having  now  a  method  for  measuring  the 
total  equivalent  impedance  and  reactance  of  a  transformer, 
upon  which  the  voltage  regulation  or  the  constancy  of 
voltage  depends,  we  may  proceed  to  calculate  the  percentage 
regulation.  The  following  statements  and  formulae  are 
copied  from  the  Standardization  Rules  of  the  A.I.E.E.,  as 
printed  in  Proceedings  for  August,  1914: 

"  To  compute  the  regulation  for  a  constant-potential  transformer, 
it  is  necessary  to  obtain  the  equivalent  resistance  R  and  impedance 

drop  Eb.  The  equivalent  resistance  R  of  primary  and  secondary 
combined  is  found  by  multiplying  the  secondary  resistance  by  the 
square  of  the  ratio  of  turns  and  adding  it  to  the  primary  resistance. 
The  impedance  voltage  E»  is  found  by  short-circuiting  the  second- 
ary winding  and  measuring  the  volts  necessary  to  send  rated-load 
current  through  the  primary." 

The  reactance  drop  is  then 


IX 


-v/^, 


where  P  is  the  "impedance  watts"  as  measured  in  the  short- 
circuit  test. 
Now,  let 

E  =  rated  primary  voltage. 
IR  =  resistance  drop  in  volts. 
IX  =  reactance  drop  in  volts. 
/  =  rated  fuU-load  current  in  primary  coil. 
R  =  equivalent  resistance  reduced  to  primary. 

qr  =  100  -^  =  per  cent  resistance  drop. 

IX 

qx  =  100  -«-  =  per  cent  reactance  drop. 

m  =  power-factor  of  load  =  cos  6, 

n  =  reactive  factor  of  load  =  Vl  —  m*  =  sin  d. 

Then  the  regulation  is  given  by  the  following  equation: 

(mg,  -  nqrY 


Per  cent  regulation  =  mqr  +  nq^  + 


200 
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For  a  load  of  unity  power-factor,  m  =  1.0  and  n  =  0.0,  and 
this  reduces  to: 

Per  cent  regulation  =  ^r  + 


200 

Example  7.  Test  of  a  1000  kv-a.  110,000/22,000  volt  60-cycle 
traDsformer  gave  th^  following  data: 

Impedance  watts  =  73^. 

Impedance  volts  =  5.00  per  cent  (of  rated  voltage). 

Calculate  the  per  cent  voltage  regulation  of  this  transformer,  (a)  on 
non-inductive  load,  (6)  on  lagging  load  of  80  per  cent  power-factor. 
Resistance  of  high-tension  winding  is  43.34  ohms,  and  of  low-tension 
winding  1.7337  ohms. 

According  to  the  Standardization  Rules  the  rated  primary  volt- 
age of  a  constant-potential  transformer  is  equal  to  the  rated  second- 
ary voltage  multiplied  by  the  "  turn  ratio."  Therefore  the  ratio 
of  high-tension  turns  to  low-tension  turns  in  this  transformer  is 
110,000/22,000,  or  5/1,  and  at  zero  load  (only)  this  is  also  the  ratio 
of  terminal  voltages. 

The  equivaleilt  resistance  referred  to  high-tension  coil  is 

(llOOOOX* 
^^^J  X  1.7337,  or  86.68  ohms. 

The  high-tension  current  at  rated  full-load  (neglecting  exciting 
cturent)  is 

1,000,000  volt-amperes  «^^^ 

— no;ooo^^di^ — '  ^'  ^-^^  ^^^p"^- 

The  total  equivalent  resistance  drop  at  full  load  is 

788 
9.091  X  86.68  =  788  volts,  or  tJqqqq  =  0.00716,  or  0.716%. 

The  impedance  volts  (at  full-load  ciurent)  are 

5%  of  110,000  volts,  or  5500  volts. 
Therefore 


IX  =  reactance  volts  =  y  (5500)*  -  (|^Y  =  5441  volte. 

Then 

5441 
qm  =  reactance  drop  in  per  cent  =  X  100%=  4.945%. 

11U,UUU 
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This  value  may  be  checked  by  the  relation 

%  reactance  drop  =  V(%  impedance  drop)^  —  (%  resistance  drop)* 

=  \/(5.00)*  -  (0.716)2  =  4.948%. 

Substituting  these  values  for  their  corresponding  s3rmbols  in  the 
equations  for  regulation,  we  have  (remembering  that  n  =  0.6 
when  m  =  0.8) 

Per  cent  regulation  for  80  per  cent  power  factor 
=  (0.8  X  0.716)  +  (0.6X  4.945)  +  (0-8  X  4.945  J.6  X  0.716)» 

=  0.5728  +  2.967  +  0.0622 
=s=  3.602  per  cent. 

Notice  here  that  no  serious  error  would  result  from  neglecting  the 
last  term  of  the  equation.    In  such  case  the  regulation  would  ap(>ear 
to  be  3.54  per  cent. 
Further,  we  have 

(4  945)* 
Per  cent  regulation  for  unity  power-factor  =  0.716  H '^r^ — 

=  0.716  +  0.122 
=  0.838  per  cent. 

Here  the  second  term  is  not  negligible^  because,  although  it  is 
small,  the  first  term  is  also  small. 

Notice  that  at  or  near  unity  power-factor,  the  regulation  is 
nearly  equal  to  the  resistance  drop  in  per  cent,  while  at  lower 
power-factors  the  regulation  becomes  more  nearly  equal  to  the 
reactance  drop  in  per  cent.  This  is  in  accord  with  our  previous 
conclusions  on  basis  of  Fig.  98,  99,  100. 

Let  us  now  check  this  A.I.E.E.  formula  for  regulation,  against 
the  vector  diagram.  Fig.  104  is  practically  the  same  as  Fig.  102, 
a  few  unnecessary  vectors  having  been  omitted.  In  Fig.  104,  all 
the  vectors,  except  /,  represent  voltages,  as  follows: 

OS  =  secondary  terminal  voltage  reduced  to  terms  of  primary 

=  22,000  T. 

.      ^^         Np      110,000      ^^ 
T  =  ratio  of  turns  -  =  ^^^  =  5.0. 

Sc^  IR^  9.091  X  86.68  =  788  volts. 
Sa  =  IR  cos  a  =  788  X  0.80  =  630  volts. 
cEp  =  /X  =  5441  volts. 
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ab^cd^'  /Xsina  =  5441  X  0.60  =  3265  volts.* 
Ob  =  OS  +  Sa  +  ab 

=  22,000  T+  630  +  3265  =  (22,000  T+38Q5)  =  1 13,895  volts. 
ac  =  IRmia  =  788  X 0.60  =  473  volts. 
dEp  =  /X  cos  a  =  5441.  X  0.80  =  4353  volts. 
bEp  =  dEp-db 

=  4353  -  473  =  3880  vdts. 
OEp  =  e.m.f .  required  to  be  impressed  on  primary  at  rated  full  load. 

=  V  (22,000  T  +  3895)*  +  3880^ 
=  113,961. 

At  zero  load,  IR  and  IX  both  reduce  practically  to  zero,  and  since 
Ep  is  maintained  constant  and  the  induced  coimter  e.m.f.  becomes 
equal  to  it,  we  have: 

O'So  =  i^l:?^  =  22,792  volts. 
5.00 

This  is  the  terminal  e.m.f.  of  secondary  at  zero  load.    Therefore, 

22  702  —  22  000 
Regulation  =  1,^        =  0.0360  =  3.60  per  cent. 

This  cheeks  very  closely  with  the  value  3.602  per  cent  ob- 
tained by  formula.    In  fact,  the  formula  is  only  an  algebraic 


i«0O^?^ 


Secondary  twmlnal  cnuf .  yednced 
^  to  (ermB  of  primarj 


-»■ 


A 


S    a  . 


•Ji 


'd 


I(ciiiTent  ToetorJ 

Fio.  104.    The  r^^ulation  of  a  transformer  equals 

OS  =  OEpQIRelX. 


OEp  -  OS 

OS       ' 


expression  of  the  numerical  relations  between  the  vectors  of 
Fig.  104,  with  certain  terms  omitted  which  are  relatively  so 
small  as  to  be  negligible. 

*  Two  angles  are  equal  (or  supplementary)  when  their  corresponding 
ffldes  are  perpendicular.  Note  that  dEp  is  perpendicular  to  Sa  and  cEp 
is  perpendicular  to  Sc,  Thus  the  angle  between  dEp  and  cEp  must  be 
equal  to  the  angle  between  Sa  and  Sc. 
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Prob.  47-3.  Prove  that  the  per  cent  IR  drop  in  a  transformer 
is  equal  to  the  per  cent  of  I^R  loss  at  rated  full-load  non-inductive. 

Prob.  48-3.  ysing  the  data  of  Example  7,  and  assuming  that 
IR  =  788  and  IX  =  5441  in  terms  of  primary,  calculate  what  ratio 
of  turns  (70  must  be  used  to  give  22,000  volts  at  terminals  of  sec- 
ondary, full-load  80  per  cent  power-factor,  lagging,  when  110,000 
volts  are  impressed  upon  the  primary. 

Prob.  4^3.  If  the  line  voltage  be  maintained  at  110,000  volts, 
as  in  Prob.  48,  calculate: 

(a)  Secondary  terminal  voltage  at  zero  load. 

(6)  Voltage  regulation  in  per  cent.  Compare  this  value  of 
regulation  with  that  obtained  by  the  A.I.E.E.  formula. 

Prob.  50-3.    Assuming  the  value  of  the  ratio  of  the  number  of 
turns  {T)  as  calculated  in  Prob.  48-3,  recalculate  the  values  of 
(a)  Equivalent  IR, 
(6)  Equivalent  IX, 
Compare  these  values  with  those  of  Example  7. 

Prob.  51-3.  Using  the  values  of  Prob.  50,  repeat  the  calcula- 
tion based  on  Fig.  104.  That  is,  05  =  T'  x  22,000,  and  IR  and 
IX  as  in  Prob.  50.    Calculate  therefrom: 

(a)  The  primary  terminal  e.m.f.  iQEp)  that  must  be  impressed. 

(6)  The  per  cent  voltage  regulation  if  this  e.m.f.  is  maintained 
constant  while  load  is  removed.  Compare  this  regulation  with 
that  obtained  by  the  A.I.E.E.  formula.  , 


SUMMARY  OF  CHAPTER  m 

TRANSFORMERS  change  high  voltage  to  low  voltage  and 
vice  versa.  They  consist  of  stationary  coils  linked  together  by 
a  stationary  core,  and  are  the  simplest,  most  rugged,  most 
efficient,  and  least  expensive  in  first  cost  and  maintenance  of 
any  electrical  machine. 

THE  CAPACITY  of  a  transformer  is  the  load  that  it  will  carry 
without  developing  an  injuriously  high  temperature  at  any  spot 
in  the  apparatus. 

TRANSFORMERS  ARE  COOLED  by  one  of  the  following 
means: 

(1)  The  case  is  filled  with  oil  which  carries  the  heat  from 
the  coils  to  the  case  which  dissipates  it  into  the  surrounding 
air.  The  cooling  surface  may  be  increased  by  means  of  aux- 
Hiaiy  pipes. 

(2)  By  circulating  water  through  pipes  installed  in  the  oil- 
filled  cases. 

(3)  By  forced  circulation  of  the  oil. 

(4)  By  forcing  air  through  the  coils  by  means  of  a  blower. 
THE  RATIO  OF  A  TRANSFORMER  is  the  ratio  of  the 

number  of  turns  in  the  high-voltage  coils  to  the  ntuiber  of 
turns  ia  the  low-voltage  coils. 

THE  INDUCED  E.M.F.  IN  THE  COILS  HAS  A  PHASE 
DIFFERENCE  of  ISO""  to  the  impressed  e.m.f.,  if  the  impressed 
e.m.f.  has  a  sine  wave-form.  The  induced  e.m.f.  lags  90^  be- 
hind the  magnetizing  current  which  the  impressed  e.m.f .  forces 
through  the  primary  coil.  The  impressed  e.m.f .  therefore  leads 
the  magnetizing  current  by  90^. 

WHEN  NO  CURRENT  IS  BEING  TAKEN  FROM  THE 
SECONDARY  coil,  the  coimter  e.m.f.  which  is  induced  in  the 
primary  prevents  the  impressed  e.m.f .  from  sending  more  than 
the  excitiug  current  through  the  primary  coils. 

WHEN  A  CURRENT  IS  TAKEN  FROM  THE  SECOND- 
ARY of  a  transformer,  this  current  sets  up  a  coimter  magneto- 
motive force  ia  the  core,  which  decreases  the  flux  and  the  value 
of  counter  e.m.f .  induced  in  the  primary.  The  impressed  e.m.f . 
can  thus  send  enough  more  current  through  the  primary  to 

191 
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balance  this  counter  m.m.f .  due  to  load  current  in  the  secondary 
coil.  The  ratio  of  the  current  in  the  primary  to  the  current  in 
the  secondary  at  full  load  is  approximately  the  inverse  ratio  of 
the  ntuiber  of  turns  in  the  primary  and  secondary  coils. 

THE  EXCITING  CURRENT  {I^)  OF  A  TRANSFORMER 
is  the  vector  sum  of  the  magnetizing  current  (Zk)  and  the  core- 
loss  current  (Zir)  which  is  taken  to  supply  the  hysteresis  and 
eddy-current  losses  in  the  core.  These  two  currents  are  in 
quadrature,  since  Ix  is  reactive  and  Xjr  supplies  real  power  to 
the  transformer. 

Therefore 

The  power-factor  of  power  taken  by  an  unloaded  transformer 
is  usually  foimd  as  follows: 

Power-factor  =•=?  =  ^ 


^^     V/i  +  J^ 
=  10%  to  50%  (usually). 

THE  EXCITING  CURRENT  has  not  a  sine  wave-form  when 
the  maximum  value  of  the  flux  density  lies  beyond  the  '^  knee  " 
of  the  magnetization  curve  for  the  core.  This  is  in  spite  of 
the  fact  that  the  impressed  e.m.f.  usually  has  a  sine  wave-form. 

THE  MAXIMUM  VALUE  OF  FLUX  DENSITY  B^  should 
not  be  carried  much  beyond  the  "  knee  "  of  the  magnetization 
curve  as  all  the  losses  are  increased  and  greater  heating  re- 
sults. The  value  of  JB«»  can  be  foimd  from  the  following 
equation : 


^9n  = 


KflEj  10®^; 


4.44  AfNp       4.44  AfN, 


This  equation  shows  how  B^  is  affected  by  any  change  in  the 
voltage,  area  of  core,  frequency,  and  ntuiber  of  turns  in  the 
coils. 

THE  LOSSES  IN  A  TRANSFORMER  consist  of  core  losses 
and  copper  losses.  *' 

Core  losses  are  nearly  constant  for  all  loads  and  are  com- 
posed of  two  separate  losses. 

(First).    HTSTERESIS  LOSS,  the  equation  for  which  is 

The  hysteresis  loss  for^transformers  using  annealed  silicon 
steel  varies  from  0.64  to  0.82  watt  per  pound  of  steel,  for  a 
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frequency  of  60  cycles  and  a  mazimuni  fltix  density  of  64,600 

lines  per  square  inch.  . .  -   . 

(Second),    eddy-current  loss,  the  equation  for  which  is 

The  eddy-current  loss  for  ordinary  transformer  silicon  steel 
having  thickness  of  0.014  inch  is  0.12  to  0.18  watt  per  pound  of 
core,  at  60  cycles,  and  64,600  lines  per  square  inch  for  J^m- 

THE  COPPER  LOSS  in  a  transformer  consists  of  the  irR 
in  the  primary  and  in  the  secondary  winding  and  is  usually 
about  equally  divided  between  the  two. 

The  cheaper  the  transformer,  the  greater  the  losses  and  the 
lower  the  efficiency.  If  the  yearly  cost  of  supplying  the  power 
for  the  greater  losses  in  any  particular  case  is  less  than  the 
yearly  interest  on  the  extra  cost  of  a  more  efficient  transformer 
the  cheaper  type  should  be  purchased,  and  vice  versa. 

STATION  TRANSFORMERS  of  from  100, tS  16,000  kv-a. 
step  up  the  pressure  generated,  usu^Uj  2f  about  6600  or  11,000 
volts,  to  a  much  higher  pressju^(as  high  as  160,000  volts)  for 
economical  transmissioiir-^  Transformers  of  the  same  type  and 
size  are  often  used  to  step  down  the  line  pressure  to  about 
8300  volts  for  A'stribution  throughout  a  town  or  community. 

DISTRIBFTING  TRANSFORMERS,  usually  below  60  kilo- 
volt-amperrs  in  size,  are  used  to  step  down  the  2300  volts 
of  the  Astributing  lines  to  the  pressure  of  the  consumers' 
aprp<tatus,  usually  110,  220,  or  440  volts. 

THE  EFFECT  OF  OPERATING  TRANSFORMERS  AT 
OVERVOLTAGE  is  to  increase  greatly  the  core  and  copper 
losses.  By  a  slight  increase  in  voltage  the  capacity  of  the 
transformer  may  be  raised,  but  the  losses  increase  so  much 
faster  than  the  rate  of  increase  of  the  voltage  that  it  rarely  pays 
to  operate  at  more  than  a  small  percentage  overvoltage. 

OPERATION  AT  UNDER  VOLTAGE  means  increased  an- 
nual charges  per  kilovolt-ampere  transformed. 

LEAKAGE  REACTANCE  is  the  reactance  which  is  in  great- 
est eviaence  when  a  transformer  is  loaded  and  is  due  to  mag- 
netic flux  lines  which  do  not  link  both  primary  and  secondary 
coils.  Leakage  reactance  in  the  primary  circuit  requires,  part 
of  the  voltage  impressed  on  the  primaries  to  be  used  to  overcome 
it.  Thus  the  voltage  induced  in  the  primary  coils  is  less  than 
the  impressed  voltage.  Leakage  reactance  in  the  secondary 
circuit  requires  part  of  the  voltage  induced  in  the  secondary 
coils  to  overcome  it.    Thus  the  terminal  voltage  across  the 


194  ALTERNATING-CURRENT  ELECTRICITY 

secondary  coils  is  less  than  the  induced  voltage  of  the  sec- 
ondary coils.  The  voltage  drop  necessary  to  overcome  this 
leakage  reactance  is  always  90°  ahead  of  the  current  which 
sets  up  the  leakage  lines.  In  a  practical  transformer  the  IM 
drops  in  phase  with  the  currents,  combined  with  the  reactance 
drops  leading  the  currents  by  90'',  cause  the  ratio  of  the  pri- 
mary and  secondary  voltages  to  differ  slightly  from  the  ratio  of 
the  number  of  turns  in  the  coils. 

The  practical  vector  diagram  of  conditions  in  a  loaded  trans- 
former shows  all  these  relations. 

THE  VOLTAGE  REGULATION  DEPENDS  UPON  THE 
POWER-FACTOR  of  the  load.  The  drop  is  due  mainly  to 
the  resistance  of  the  coils  when  the  load  has  approximately 
unity  power-factor,  and  to  the  leakage  reactance  when  the 
j)ower-factor  is  low  and  lagging.  A  low  leading  power-factor 
tend^  to  raise  the  terminal  voltage  of  the  secondary  above  the 

induced  e.M;£ — .^ 

THE  TRANSFORMBE.  WITH  THE  BETTER  REGULA- 
TION costs  more  and  is  mofe^liable  to  injury  from  short- 
circuits  and  improper  operation.    ^--^-^ 

TO  FIND  THE  EQUIVALENT  PROTA^Y  RESISTANCE 
AND  REACTANCE  of  a  transformer,  considdi:  the  resistance 
and  reactance  of  the  secondary  side  to  be  zero,  and  enough 
extra  resistance  and  reactance  added  to  the  primary  side  to 
cause  the  secondary  terminal  voltage  to  have  the  same  value  as 
in  the  actual  transformer,  at  any  given  load.  The  sum  ofv^e 
resistance  of  the  primary  plus  this  extra  resistance  is  called  t&S  ^ 
Equivalent  Primary  Resistance  and  the  sum  of  the  primary 
reactance  plus  this  extra  reactance  is  called  the  Equivalent 
Primary  Reactance. 

The  Equivalent  Primary  Resistance    =  ^p'^\~jf]  ^s* 

The  Equivalent  Primary  Reactance     =  Xr>  +  (^)  X^. 
Similarly 


.s 


The  Equivalent  Secondary  Reactance   =  X^  +  (■^i  Jkp. 

THE  IMPEDANCE  OF  A  TRANSFORMER  is  the  Equiva 
lent  Primary  Impedance,  and  may  be  expressed  in  ohm 


TRANSFORMERS.     EFFICIENCY  AND  REGULATION      195 

or  in  volts  to  overcome  impedance  drop  at  rated  load  or,  better 
stiU,  in  percentage  of  impressed  primary  voltage  necessary  to 
overcome  impedance  drop  at  rated  load.  It  is  found  by  meas- 
uring the  primary  voltage  necessary  to  send  full-load  current 
through  the  short-circuited  secondary. 

THE  REGULATION  OF  A  CONSTANT  VOLTAGE  TRANS- 
FORMER may  be  computed  from  the  impedance  watts,  im- 
pedance volts,  and  the  resistance  of  both  windings,  by  the 
vector  diagram  or  the  A.I.E.E.  approximate  formula. 

PROBLEMS  ON  CHAPTER  m 

Prob.  62-3.  (a)  At  what  per  cent  of  rated  full-load  (non-in- 
ductive) will  the  10  kv-a.  "  Type  S  "  transformer  of  Table  A,  page 
149,  attain  its  maximum  efficiency? 

(b)  What  will  this  efficiency  be? 

(c)  By  what  percentage  will  the  total  rate  of  heat  development 
in  the  transformer  then  be  greater  or  less  than  at  rated  load? 

Prob.  63-3.  Solve  Prob.  52  with  relation  to  the  10  kv-a. 
"  Type  SA"  transformer  in  Table  A.  Compare  the  results  of  Prob. 
52  and  53. 

Prob.  54-3.  On  the  basis  of  3  hours  at  full-load  and  21  hours 
at  zero-load  each  day,  what  will  be  the  aU-day  efficiency  of  the 
5  kv-a.  "  Type  S  "  transformer  in  Table  A?  Power-factor  of  load 
100  per  cent. 

Prob.  65-3.  Solve  Prob.  54  on  the  basis  of  a  load  having 
80  per  cent  power-factor.  • 

Prob.  56-3.  A  Wright  demand  anmieter  in  service  several 
months  on  the  primary  of  a  15  kv-a.  transformer  supplying  about 
ten  residences  registered  about  25  per  cent  of  the  total  connected 
load.  Assuming  this  transformer  to  have  the  characteristics  of  a 
"  Type  S  "  transformer  in  Table  A,  calculate  the  all-day  efficiency 
on  the  supposition  that  the  transformer  rating  is  50%  of  the  total 
connected  load^  and  that  the  peak  load  persists  4  hours  per  day,  zero 
load  during  the  other  20  hours.    Power-factor  of  load  is  100  per  cent. 

Prob.  67-3.  Transformers  for  lighting  service  are  usually  se- 
lected so  that  at  peak  load  they  are  overloaded  about  25  per  cent. 
What  would  be  the  aU-day  efficiency  of  a  2-kv-a.  "  Tyi)e  S  "  trans- 
former (Table  A),  supplying  a  load  of  90  per  cent  average  power- 
factor  for  5  hours  per  day,  and  no  load  the  other  19  hours? 

Prob.  53-3.  A  group  of  buildings  demands  25  kv-a.  at  100 
per  cent  power-factor  for  3  hours,  15  kv-a.  at  70  per  cent  power- 
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factor  for  8  hours,  and  zero  load  for  13  hours  each  day.  If  trans- 
formers having  the  characteristics  of  "  Type  SA  "  in  Table  A  are 
considered,  would  the  all-day  efficiency  be  higher  by  using  a  20  kv-a. 
size  or  by  using  a  25  kv-a.  transformer? 

Prob.  69-3.  What  should  be  the  watts  taken  from  a  line  at 
rated  voltage  and  frequency  by  a  7§-kv-a.  "  Type  S ''  transformer 
(Table  A)  with  its  secondary  circuit  open?  By  what  percentage 
is  this  greater  tlian  the  real  value  of  core  loss? 

Prob.  60-3.  Calculate  the  magnetizing  and  core-less  compo- 
nents of  exciting  current  for  a  i-kv-a.  and  for  a  50-kv-a.  "  Type  S  " 
transformer  (Table  A). 

Prob.  61-3.  A  station  transformer,  rated  550  kv-a.,  60  cycles, 
10,500  volts  high-tension,  when  operated  at  rated  full-load  non- 
inductive,  yields  the  following  data: 

Efficiency  =  98.31  per  cent. 

Constant  (core)  loss     =    0.88  per  cent  of  input. 

Variable  (copper)  loss  =    0.81  per  cent  of  input. 

A  distributing  transformer  manufactured  by  the  same  company, 
and  rated  37|  kv-a.,  60  cycles,  2200  volts  high-tension,  yields  the 
following  data  when  operated  at  rated  full-load  non-inductive. 

Efficiency  =    98.35  %. 

Constant  (iron)  loss     =  197  watts. 

Variable  (copper)  loss  =  433  watts. 

The  usual  operating  conditions  of  distributing  transformere  will 
be  met  if  the  all-day  efficiency  is  based  on  5  hours  at  full-load  (non- 
inductive)  and  19  hours  at  zero  load.  At  zero  load  the  input  is 
equal  to  the  constant  loss  only;  the  output  is  zero  and  variable  loss 
is  negligibly  small. 

Calculate  the  all-day  efficiency  of  each  of  these  transformers  on 
this  basis.  Notice  that  the  full-load  efficiency  of  both  transform- 
ers is  practically  the  same. 

Prob.  62-3.  (a)  Repeat  the  calculations  of  Prob.  61  on  basis 
of  15  hours  at  full-load  and  9  hours  at  zero  load,  each  day.  Com- 
pare results  with  those  of  Prob.  61. 

(6)  Which  operating  condition  is  more  likely  to  be  met  in  the 
station  transformer?  In  the  distributing  transformer?  Which 
gives  best  all-day  efficiency  under  each  condition? 

Prob.  68-3.  Check  Table  I,  page  159,  against  the  formulas  for 
core  losses  given  in  Art.  38,  on  the  assmnption  that: 

(a)  The  core  loss  is  entirely  due  to  hj^teresis. 

(6)  The  core  loss  consists  of  hysteresis  watts  and  eddy-current 
watts  normally  in  the  proportion  4:1. 
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(Note  that  if  core  loss  were  entirely  due  to  eddy-currents,  in- 
creasing the  voltage  from  100  per  cent  to  110  per  cent  at  constant 

frequency  would  increase  Bm  in  the  ratio  [  r-^)  and  the  eddy- 

1.1' 
current  watts  in  the  ratio  — ,  or  1.21.    Compare  this  with  the 

value  1.23  given  in  the  table. 

To  solve  with  regard  to  hysteresis  loss  requires  a  knowledge  of 
logarithms.) 

Prob.  64-8.  Calculate  the  magnetic  force  exerted  upon  the 
winding  on  short-circuit  as  a  percentage  of  the  magnetic  force 
exerted  at  rated  full-load, 

(o)  For  the  transformer  specified  in  Prob.  37. 

(6)  For  the  transformer  specified  in  Prob.  42. 

Prob.  65-3.  (a)  How  many  volts  must  be  applied  to  the  high- 
tension  winding  of  the  transformer  of  Prob.  37  with  low-tension 
short-circuited,  to  produce  full-load  current  through  both  windings? 

{b)  How  many  volts  must  be  applied  to  the  low-tension  winding 
with  the  high-tension  winding  short-circuited? 

Prob.  66-8.  A  short-circuit  or  impedance  test  is  made  on  a 
transformer  rated  300  kv-a.  34,600/2300  volts,  60  cycles.  It  is 
found  that  1045  volts  must  be  impressed  on  the  high-tension  coil 
to  produce  full-load  current  in  the  transformer  and  the  power 
supplied  is  2270  watts.    Calculate: 

(a)  Impedance  in  per  cent. 

(6)  Equivalent  resistance  in  ohms  (referred  to  high-tension)  and 
in  per  cent. 

(c)  Short-circuit  current  at  rated  voltage,  in  per  cent  of  rated 
full-load  current. 

(d)  Magnetic  forces  exerted  in  per  cent  of  those  existing  at  rated 
load. 

Prob.  67-8.  How  many  henries  of  inductance  having  negli- 
gible resistance  must  be  inserted  in  series  with  the  high-tension 
coil  of  the  transformer  of  Prob.  37  in  order  to  limit  the  current  to 
5  times  rated  full-load  when  a  short-circuit  occurs  on  the  secondary? 

Prob.  66-3.  Calculate  the  regulation  of  the  transformer  of  Prob. 
67,  with  its  current-limiting  reactance,  at  unity  power-factor  and  at 
zero  power*factor.    Compare  with  that  of  the  transformer  alone. 

Prob.  6^8.  Repeat  calculation  of  Prob.  67  for  a  reactance  con- 
nected close  to  the  transformer  on  the  secondary  side. 

Prob.  70-3.    Repeat  Prob.  68  on  the  assumption  of  Prob.  69. 
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Prob.  71-3.  By  the  method  used  in  Example  7,  calculate  what 
ratio  of  turns  would  be  required  to  deliver  22,000  volts  at  secondary 
terminals  with  110,000  volts  impressed  at  primary  terminals,  with 
full-load,  non-inductive. 

Prob.  72-3.  Using  the  value  of  T  calculated  in  Prob.  71,  and 
the  values  of  IR  and  of  IX  calculated  in  Example  7,  redraw  Fig. 
104  and  calculate  what  value  of  primary  volts  (OEp)  must  be  im- 
pressed to  give  22,000  volts  at  secondary  terminals  with  full  load, 
80  per  cent  power-factor. 

Prob.  73-3.  While  the  primary  line  voltage  is  maintained  con- 
stant at  the  value  calculated  in  Prob.  72  and  the  load  is  reduced  to 
zero,  calculate: 

(a)  The  zero-load  terminal  voltage  of  secondary. 

(6)  The  per  cent  voltage  regulation.  Compare  this  regulation 
with  that  obtained  by  the  A.I.E.E.  formula  in  Example  7. 

Prob.  74-3.  A  transformer,  rated  1500  kv-a.,  33,000/2300  volts, 
60  cycles,  shows  the  following  results  on  test: 

Impedance  volts  =  4.41  per  cent. 

Impedance  watts  =  8200. 

Total  watts  PR  loss  in  primary  and  secondary  as  calculated  from 
measured  resistances  and  full-load  currents,  6570  watts.  Calcu- 
late: 

(a)  Per  cent  PR  loss  at  full-load,  non-inductive. 

(6)  Per  cent  IR  drop  at  full-load. 

(c)  Per  cent  IX  drop  at  full-load. 

(d)  Per  cent  voltage  regulation  for  non-inductive  load,  by 
A.I.E.E.  formula.  Notice  that  there  is  a  considerable  diflference 
between  impedance  watts  and  PR  as  calculated  from  measured 
resistances.    Try  to  explain  possible  reasons  for  this. 

Prob.  75-3.  Compute  the  limiting  values  of  the  constant  K^ 
in  the  equation  for  hysteresis  loss,  for  ordinary  steels  having  Ph  = 
1.0  to  2.0  watts  per  pound,  while  Bm  =  64,500  lines  per  square  inch 
and  the  flux  varies  harmonically  at  60  cycles  per  second. 

Prob.  7^3.  Under  the  same  conditions  as  in  Prob.  75,  com- 
pute the  limiting  values  of  Kfj  for  "silicon  steels"  containing  from 
3  to  4  per  cent  silicon.    See  data  on  page  145. 

Prob.  77-3.  Compute  the  limiting  values  of  the  constant  Kg 
in  the  equation  for  eddy-current  loss  for  annealed  sheet  steels  con- 
taining no  silicon.    Conditions  as  in  Prob.  75.    Data  on  page  145. 

Prob.  7ft-3.  Compute  the  luniting  values  of  Kb  for  ''silicon 
steels"  containing  from  3  to  4  per  cent  silicon.  Conditions  as  in 
Prob.  75.    Data  on  page  145. 


CHAPTER  IV 
TRANSFORMERS 

OPERATION  AND   POLYPHASE   CONNECTIONS 

As  the  territory  to  be  served  becomes  extended  and  new 
loads  are  added  to  the  low-tension  distributing  system  fed 
from  the  secondaries  of  transformers,  we  may  install  the 
necessary  additional  transformer  kilovolt-ampere  capacity 
according  to  either  of  two  policies: 

(a)  Furnish  a  separate  and  independent  transformer  for 
each  load  or  convenient  group  of  loads. 

(6)  Connect  the  transformer  secondaries  in  parallel, 
through  a  network  of  secondary  or  low-tension  mains,  to  the 
loads  or  services  which  are  also  in  parallel. 

The  first  policy  tends  to  a  large  number  of  relatively  small 
transformers,  while  in  the  second  system  a  smaller  number  of 
relatively  large  transformers  will  suffice  to  carry  the  same 
loads.  The  latter  has  the  advantage  that  the  cost  per  kv-a. 
of  transformer  capacity  is  less,  and  that  both  the  core  loss 
and  the  copper  loss  per  kv-a.  are  less,  since  the  efficiency  and 
the  economy  of  material  are  better  in  large  transformers  than 
in  small  ones. 

The  practice  of  "banking"  transformers,  or  connecting 
their  secondaries  in  parallel,  has  also  the  advantage  that  the 
total  rated  kv-a.  of  the  transformers  required  may  be  con- 
siderably less  than  would  be  necessary  if  isolated  transformers 
were  used.  Thus,  relatively  small  transformers  connected 
to  a  number  of  small  individual  loads  usually  require  a  trans- 
former capacity  of  approximately  80  per  cent  of  the  connected 
load.     Relatively  large  transformers  connected  to  a  number 

of  small  consumers  usually  require  a  transformer  capacity 
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of  from  30  per  cent  to  50  per  cent  of  the  connected  load. 
This  reduction  of  transformer  capacity  necessary  per  kilo- 
watt of  connected  load  is  due  to  the  "diversity  factor"  of  the 
individual  loads  connected.  In  general,  the  more  separate 
services  we  connect  together,  the  lower  will  be  the  ratio  of 
the  peak  load  of  the  combination  to  the  total  connected  load 
or  to  the  sum  of  the  peaks  of  the  individual  loads,  on  account 
of  the  decreasing  probability  of  the  peaks  occurring  simul- 
taneously. 

As  offsetting  this  saving  in  first  cost  and  improvement  of 
all-day  eflSciency  in  transformers,  due  to  increase  in  the 
number  and  diversity  of  interconnected  loads  and  to  the  use 
of  fewer  and  larger  transformers  thereby  made  possible,  we 
must  consider  the  cost  of  the  extensive  low-tension  distribut- 
ing network  of  mains  required,  and  the  value  of  the  energy 
losses  in  it.  If  the  interconnections  between  transformers  is 
carried  too  far,  or  if  the  average  size  of  district  served  per 
transformer  becomes  too  great,  the  increase  in  the  annual 
fixed  charges  on  the  low-tension  mains  and  the  value  of 
energy  lost  in  them  may  be  greater  than  the  saving  of  trans- 
former costs  and  losses  effected  by  such  interconnections. 

Then,  too,  if  the  operating  characteristics  of  banked  trans- 
formers are  not  properly  suited  to  one  another,  cross-currents 
analogous  to  the  s3mchronizing  currents  between  parallel 
alternators  will  flow  between  them.  When  this  occurs  the 
total  kv-a.  of  transformer  rating  must  be  larger  for  the  same 
load  than  would  be  necessary  if  the  system  were  designed  with 
regard  to  the  fundamental  principles  involved. 

A  practical  disadvantage  in  putting  too  many  consumers 
on  one  bank  of  transformers  is  that  the  service  to  all  of  them 
may  be  interrupted  in  case  of  accident  to  one  or  more  of  the 
transformers.  In  such  event  the  entire  load,  being  con- 
nected to  the  remaining  transformers,  overloads  them  and 
causes  their  fuses  to  blow  one  after  another.  Where  trans- 
former secondaries  are  not  paralleled,  the  failure  of  one  could 
not  interrupt  the  service  from  others.    The  maximum  prac- 
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ticable  size  of  distributing  transformer  may  be  limited  by  the 
strength  of  pole  or  cross-arm  on  which  it  is  supported  or  the 
size  of  manhole  in  which  it  is  placed,  or  by  the  maximum  rate 
at  which  the  heat  losses  can  be  dissipated  from  the  manhole. 
48.  Proper  Conditions  for  Paralleling  Transformers. 
Stated  briefly,  the  characteristics  and  adjustments  necessary 
to  make  transformers  operate  properly  in  parallel  are  as 
follows: 

(1)  The  ratio  of  primary  to  secondary  voltage  should  be 
the  same  for  all  transformers  in  parallel. 

(2)  Secondary  terminals  of  similar  polarity  should  be 
connected  together  or  to  the  same  low-tension  main. 

(3)  The  percentage  of  impedance  should  be  approximately 
the  same  for  all  transformers  in  the  same  bank. 

(4)  The  ratio  of  resistance  to  reactance,  or  of  resistance  or 
reactance  to  impedance,  should  be  the  same  for  alljof  the 
transformers. 

Consider  the  eflfects  of  violating  each  one  of  these  require- 
ments separately,  while  the  others  are  satisfied:  For  sim- 
plicity take  only  two  transformers: 

(1)  Voltage  Ratios  Unequal.  If  the  voltage  ratios  are  npt 
equal,  the  transfonner  having  the  higher  secondary  induced 
voltage  will  force  current  through  the  other  against  its  in- 
duced e.m.f.  in  such  amount  as  will  consume  the  difference 
of  induced  voltage  in  overcoming  the  total  impedance  of  the 
local  circuit  formed  by  the  two  secondaries.  This  current  will 
flow  even  when  no  external  load  is  connected,  and  will  result 
in  increased  losses  and  reduced  capacity  to  carry  useful  load. 

(2)  Wrong  Polarity.  This  may  be  considered  as  a  greatly 
magnified  case  of  (1).  The  resultant  voltage  in  the  local 
circuit  between  the  secondaries  is  equal  to  the  arithmetical 
sum  rather  than  the  difference  of  the  secondary  induced 
voltages.  As  the  total  impedance  of  this  circuit  is  kept 
relatively  small  by  careful  design  in  order  to  avoid  bad 
voltage  regulation,  this  resultant  voltage  causes  a  current  to 
flow  which  is  enormous  relative  to  the  rated  current,  and 
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which  must  bum  out  the  transformers  if  it  does  not  open  the 
fuses  or  other  devices  provided  to  protect  the  transformers 
against  overload. 

(3)  Unequal  Percentages  of  Impedance.  The  currents 
carried  by  the  transformers,  expressed  as  percentages  of  their 
respective  rated  full-load  currents,  will  be  inversely  propor- 
tional to  their  percentages  of  impedance.  As  the  terminal 
voltages  arcx  practically  the  same  for  all  transformers  in 
parallel,  the  kv-a.  load  in  individual  transformers,  expressed  as 
percentage  of  their  respective  rated  kv-a«,  will  also  be  inversely 
proportional  to  their  percentages  of  impedance.  Thus,  if 
transformer  A  has  4  per  cent  impedance  and  B  has  2  per  cent 
impedance,  then  when  the  total  load  is  such  that  A  carries  75 
per  cent  of  its  rated  kv-a.  or  rated  current,  transformer  B  must 

at  the  same  time  be  carrying  (q^ 1  X  75  per  cent)  or 

150  per  cent  of  its  own  rated  kv-a.  or  rated  current:  in  other 
words,  B  is  operating  at  50  per  cent  overload  when  A  is  at  f 
load,  and  A  is  operating  at  half  load  when  B  is  at  full  load, 
regardless  of  what  the  actual  kv-a.  value  of  these  rated  loads 
may  be. 

(4)  Unequal  Ratios  of  Reactance  to  Resistance.  If  the  ratio 
of  (equivalent)  resistance  to  (equivalent)  reactance,  or  the 
ratios  of  resistance  or  reactance  to  impedance,  are  not 
equal  for  all  the  transformers  whose  secondaries  are  inter- 
connected in  parallel,  the  result  will  be  that  the  total  kv-a. 
of  transformer  capacity  required  wiU  be  greater  than  the 
total  kv-a.  of  load  served  from  the  network.  This  is  because 
the  currents  and  the  kv-a.  in  the  different  transformers  will 
not  be  in  phase  with  one  another  or  with  the  total  load,  and 
the  power-factors  of  the  individual  transformers  will  not  be 
equal  to  one  another  or  to  the  resultant  power-factor  of  the 
load.  If  the  transformers  are  very  poorly  selected,  the 
resulting  loss  of  load  capacity  and  increase  of  energy  losses 
in  transformers  and  in  connecting  mains  may  become  a  very 
serious  matter. 
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49.  Polarity  of  Transformers.  The  Standardization 
Rules  of  the  American  Institute  of  Electrical  Engineers 
specify  a  definite  system  for  marking  the  relative  polarity  of 
aU  terminals  of  transformers,  in  order  to  minimize  the  chances 
of  making  improper  connections  between  various  transform- 
ers or  between  the  various  coils  of  any  one  transformer.  The 
two  ends  of  each  high-tension  coil  are  to  be  marked  A  and  B, 
respectively,  and  the  two  ends  of  each  low-tension  coil  are 
to  be  marked  X  and  Y,  respectively,  in  such  manner  that  the 
alternating  e.m.f .  in  the  direction  from  A  towards  B  reaches 
its  cyclic  maximum  value  at  the  same  instant  the  e.m.f.  from 
X  towards  Y  reaches  its  cyclic  maximum  value.  If  the 
transformer  has  two  high-tension  coils,  the  terminals  of  the 
second  one  are  to  be  marked  Ai  and  Bi,  these  marks  having 
the  same  relative  significance  as  A  and  B,  Similarly,  a  trans- 
former may  have  two  low-tension  coils,  XY  and  XiYi, 
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Fia.  105.  Transformer  7*1,  having  two  coils  in  both  the  high-tension  and 
the  low-tension  side,  is  connected  in  parallel  with  transformer  Tt 
which  has  but  o*ne  high-tension  coil  and  one  low-tension  coil.  Note 
that  the  ends  marked  A  are  all  joined  to  the  same  high-tension  line 
wire  and  the  ends  marked  X  are  all  joined  to  the  same  low-tension 
line  wire. 

To  connect  transformers  thus  marked  in  parallel,  it  is  only 
necessary  to  connect  similarly  marked  terminals  together  to 
the  same  main.  Thus,  in  a  distributing  transformer  having 
two  high-tension  coils  and  two  low-tension  coils,  parallel 
connections  would  be  made  as  in  Ti,  Fig.  105.    In  this 
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figure,  Ti  is  shown  connected  in  parallel  with  another  trans- 
former, T%j  which  has  only  one  high-tension  and  one  low- 
tension  coil. 

60.  Determination  of  Polarity  in  Transformers.  Sup- 
pose we  are  given  a  transformer  like  Ti,  Fig.  105,  whose 
terminals  have  not  been  marked.  The  data  given  on  the 
rating  plate  are  as  follows: 

Kv-a.  =  5.0,  or  Watts  =  5000. 

Volts  =  2200/220  -  110. 

Frequency  =  60  cycles  per  second. 

There  are  four  low-tension  leads  of  heavy  wire  protruding 
from  the^  transformer  case,  and,  although  there  are  only  two 
high-tension  leads  of  light  wire  protruding,  there  are  four 
coil-terminals  inside  which  must  be  connected  in  a  certain 
manner  to  the  two  high-tension  leads  by  means  of  brass  or 
copper  links  on  a  porcelain  terminal  block  within  the  trans- 
former-case. 

According  to  the  rating  plate,  the  e.m.f.  impressed  upon 
the  high-tension  primary  circuit  at  60  cycles  should  not 
exceed  2200  volts  eflfective,  and  at  this  value  each  of  the 
secondary  coils  will  have  110  volts  induced  in  it,  giving  220 
volts  between  low-tension  terminals  if  the  secondary  coils 
are  connected  in  series,  or  110  volts  if  they  are  connected  in 
parallel. 

Label  either  terminal  of  the  high-tension  winding  A  and  the 
other  JSi  (Fig.  106).  Connect  these  primary  terminals  to  low- 
tension  mains  (say,  220  volts  alternating)  or  to  the  low-tension 
secondary  of  another  transformer.  Then,  by  connecting 
various  paired  combinations  of  the  four  secondary  terminals 
to  a  suitable  voltmeter  or  testing  lamp,  or  even  to  pieces  of 
small  fuse-wire,  determine  which  are  the  two  terminals  of  each 
low-tension  coil  S\  and  S%,  Connect  an  end  of  one  of  these 
coils  (S2)  to  the  JSi  end  of  the  primary,  as  in  Fig.  106.  If  then 
the  e.m.f.  from  A  to  the  remaining  end  of  S2  is  greater  than 
the  e.m.f.  from  A  to  Bi,  we  know  that  it  must  be  the  X  end  of 
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St  which  is  connected  to  Bi,  and  the  other  end  is  F,  as  marked 
in  Fig.  106.  The  e.m.f.'8  in  all  coik  are  in  time-phase  with 
one  another,  being  in  quadrature  with  the  core  flux  common 
to  all  coils.  The  voltmeter  shows  in  Fig.  106  that  /S2  is  in 
additive  series  with  the  primary  ABi,  indicating  that  the 
joined  terminals  are  of 
opposite  polarity  at  all     t«  «..«.»,«,  ^ 

instants. 

The  polarity  of  Si 
may  be  determined  in 
similar  manner.  As  a 
check,  we  may  connect 
the  Xi  of  Si  to  the  X  p^^  ^^^  ^^  ^^  ^^^  determining  the 
ofiSj.  There  should  be  polarity  of  a  transfonner.  Terminals  A 
zero  resultant  voltage,  and  Bi  are  marked  arbitrarily.  The 
and  a  piece  of  small  higher  voltmeter  reading  between  the 
fuse  wire  connected  be-      terminals  A  and  Y  indicates  that  coU  St 

XT       J  v     1.      1 J       is  joined  in  additive  series  to  the  high- 
tween  Y  and  r  1  should      ^     .        .,      mi.     xi.         x-      j- 
tiiFYc^xa  ^         Vv       •£  tension  coils.    Thus  the  positive  direc- 

not    blow.     Or,    if    we       tion  through  Si  must  be  from  -X"  to  F. 
connect  the  Y  of  S%  to 

the  Xi  of  Si,  we  should  find  that  the  e.m.f .  across  the  series 
is  equal  to  the  arithmetical  sum  of  the  e.m.f.'s  across  Si 
and  S2. 

Prob.  1-4.  Each  of  the  two  low-tension  coils  XY  and  XiYi  in 
a  5-kv-a.  60-cycle  distributing  transformer  has  ^  as  many  turns  as 
each  of  the  high-tension  coils  AB  and  AiBi,  The  maximum  per- 
missible core  flux  generates  110  volts  in  each  low-tension  coil.  If 
we  connect  B  to  Ai,  and  Y  to  Xi,  what  is  the  greatest  line  pressure 
(effective  volts)  which  may  be  applied  between  A  and  A,  and  what 
voltage  would  be  obtained  across  XYi? 

Prob.  8-4.  In  the  transfonner  of  Prob.  1,  if  we  connected  B  to 
Bi  and  then  connected  A  and  At  to  the  same  high-tension  mains, 
without  altering  the  low-tension  connections,  what  would  be  the 
result? 

Prob.  S-4.  If  we  connect  A  and  Ai  to  one  of  the  same  high- 
tension  line  wires,  and  B  and  Bi  to  the  other,  and  leave  the  low-tension 
coils  connected  together  as  in  Prob.  1,  what  will  be  the  voltage  be- 
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tween  low-tension  terminals  of  the  transformer?  How  will  the 
values  of  total  flux,  ^max,  and  magnetizing  current  compare  with 
the  corresponding  values  for  Prob.  1? 


Prob.  4r-4.    Draw  sketch  of  connections  for  the  transformer  of 
Prob.  1,  with  high-tension  coils  in  series  and  low-tension  coils  de- 
'livering  power  to  a  three-wire  110-220- volt  system  of  secondary 
mains.    Label  clearly  all  coil  terminals  with  proper  letters. 

Prob.  5-4.  In  the  transformer  of  Prob.  1,  connect  X  to  Fi, 
then  connect  Y  and  Xi  to  110-volt  mains.  If  we  leave  the  high- 
tension  coils  connected  as  in  Prob.  1,  what  will  be  the  pressiu^  be- 
tween secondary  mains  ABi? 

Prob.  ft-4.  With  the  high-tension  coils  connected  together  as 
in  Prob.  1  and  to  the  same  line,  the  secondary  coils  are  to  be  paral- 
leled. Show  the  connections  and  calculate  voltage  between  sec- 
ondary mains. 

61.  Effect  of  Unequal  Voltage  Ratios  in  Parallel  Trans- 
formers.    The    two    transformers    shown    connected    in 
parallel  in  Fig.  107  have  unequal  ratios  of  turns,  X2Y2  having 
— ^ '. : m '. —   the  lower  voltage  induced 

J  Hiffh-tcDftioD  line  J  •  i  •i  -n* 

C  T  C 1 m  secondary  coils.     Fig. 

108  is  a  simplified  dia- 
gram of  secoildary  con- 
nections  only,  and  Fig. 

109  illustrates  vectorially 
the  relations  of  phase  and 

Pig.  107.    The  t\^o  transformers  having  value  between  the  e.m.f  .'s 
unequal  voltage  ratios  are  connected  ^^^  currents  in  the  closed 

in  parallel.  1  ,  , 

secondary    network 

formed  by  the  coils  XiYi  and  X2Y2  with  their  connecting 

mains  m  and  n.     The  equivalent  resistance  and  reactance 

reduced  to  basis  of  low-tension  side  are  n  and  Xi,  respectively, 

for  transformer  No.  1,  and  r2,  X2,  respectively,  for  transformer 

No.   2.     The  secondary  mains  m,  n  are  assumed  to  have 

negligibly  small  impedance,  for  simplicity. 

In  Fig.  109,  vector  Ei  represents  the  e.m.f .  from  Xi  toward 

I'l,  and  E2  represents  the  smaller  e.m.f.  from  Xt  toward  Y2. 

The  vector  Ei  (or  E2  reversed)  represents  the  e.m.f.  from  1''2 


Low-tension  line 


TRANSFORMERS,     POLYPHASE  CONNECTIONS     207 


to  X2,  in  the  same  direction  as  £1  in  coil  Xi  Fi,  through  the 
series  circuit  formed  by  the  two  secondary 
coils  with  the  mains  m,n,  or  in  the  direc- 
tion indicated  by  the  dotted  arrow  in  Fig. 
108.    Adding  E^  to  Ei  vectorially  as  in  '\^\ 
Fig.  109,  we  obtain  the  resultant  e.m.f.  ^} 
Er  acting  in  the  circuit  of  secondary 
coils,  in  the  direction  of  the  larger  e.m.f. 
El  from  Xi  to  Fi,  and  from  F2  to  Xi. 
This  resultant  e.m.f.  Er  produces  a  cur- 
rent /  through  both  coils,  whose  value 
is  given  by  the  equation : 

Er 


I  = 


Total  equivalent  impedance 
El  ©  E2  El  Q  E2 


Fig.  108.  A  simple 
diagram  to  represent 
the  properties  of  the 
two  transformers  con- 
nected in  parallel  as 
in  Fig.  107.  The 
dotted  arrow  repre- 
sents the  positive  di- 
rection of  the  e.m.f. 
of  transformer  XtYt 
with  respect  to  the 
circuit  formed  by  the 
coils  XiYi,  XiYtj  and 
mains  m  and  n. 


Zi®Z2      V(ri  +  rj)^  +  {xi  +  XiY 

The  lengths  of  vectors  Ei  and  E2  are 
obtained  by  dividing  the  voltage  E  of  the  high-tension  line 
by  the  respective  ratios  of  high-tension  to  low-tension  turns 


e; 


FiQ.  109.  The  vector  diagram  for  the  current  and  e.m.f.'s  in  Fig.  107 
and  108.  The  full  lines  represent  phase  relations  with  respect  to 
positive  directions  in  both  coils  toward  the  same  main.  The  dotted 
lines  refer  to  positive  directions  which  are  the  same  within  the  circuit 
formed  by  the  coils  and  the  mains  m  and  n. 
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for  the  two  transformers.  If  we  a^ume  negUgible  impedance 
drop  in  the  high-tension  line  between  transformers,  E  is 
identical  in  value  and  in  phase  for  both  of  them;  therefore 
El  and  E2  are  in  phase  with  each  other,  and  their  vector 
difference  has  the  same  value  as  their  arithmetical  difference. 
The  current  /  lags  behind  Er  by  an  angle  $  such  that 

ri  +  ra 

The  equivalent  low-tension  resistances  and  reactances  for  the 
two  transformers  are  n  and  Xi,  ri  and  a^,  respectively.  As  Er 
is  in  phase  with  Ei  (the  greater  e.m.f.),  the  current  /i  in  coil 
XiYi  will  lag  ^  behind  Ei.  This  same  current,  represented 
by  the  dotted  vector  7,  m  Fig.  109,  flows  through  X2Y2  in  the 
direction  indicated  by  the  dotted  arrow  in  Fig.  108,  which  is 
the  direction  of  the  resultant  e.m.f .  Er  in  the  series  circuit 
of  secondaries.  Thus,  if  the  vector  li  represents  the  current 
in  transformer  No.  2  with  respect  to  a  positive  direction 
from  Y2  toward  X2,  it  follows  that  the  vector  I2  (directly 
opposite  to  /i)  represents  the  same  current  but  with  respect 
to  a  positive  direction  from  X^  to  Y2,  or  with  resp)ect  to  the 
induced  e.m.f.  -B2  in  the  secondary  of  transformer  No.  2. 

Notice  from  Fig.  109  that  the  current  produced  by  in- 
equality of  voltage  ratios  in  the  transformers  lags  behind  the 
higher  secondary  e.m.f.  by  $  degrees  and  leads  the  lower 
secondary  e.m.f.  by  (180  —  0)  degrees.  As  6  must  be  less 
than  90  degrees,  it  follows  that  the  secondary  of  transformer 
No.  1  (having  the  higher  secondary  induced  e.m.f.,  corre- 
sponding to  the  lower  ratio  of  high-tension  turns  to  low- 
tension  turns)  gives  out  power  (cos  6  being  of  positive  sign), 
and  that  the  other  secondary  X2Y2  takes  in  power.    Thus: 

P.  =  E,7.cos^=(|)x'  ^^'^ 


>/(ri  +  fa)'  +  {Xi  +  X2)\ 

x( ^^  +  ^' ] 

\V(ri  +  r2)«  +  (xi  +  rc2)V 
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Pj  =  £i/,cos(180°-  e)  =  -(^\x 


E  ^E 
-0  - 


XI 


n  +  r2 


y  (n  +  r^y  +  (xi  +  a^)*> 

in  which  ai  and  Oj  represent  the  ratios  of  high-tension  turns 
to  low-tension  turns  in  transformers  No.  1  and  No.  2,  re- 
spectively. Pi  and  Pt  when  positive  represent  power  given 
ottt  by  secondary  induced  e.m.f.,  the  negative  sign  signifying 
power  received  thereby. 

The  total  amount  of  power  consumed  in  heating  the  copper 
in  the  transformers  or  in  overcoming  their  resistance  would 
be  as  follows: 

In  transformer  No.  1, 

^  (E     Ey 

^'      in  +  rtY  +  (Xi  +  x,y      dai  [(ri  +  r^)'  +  (x,  +  x,)^] 
In  transformer  No.  2, 

' '      (ri  +  r,)«  +  (xi  +  x^y      ddi  [(n  +  r^Y  +  {x,  +  x^y\ ' 

Thus,  transformer  No.  1,  having  the  lower  transformer 
ratio  Gi  or  higher  secondary  induced  voltage,  takes  Pi  watts 
from  the  high-tension  line,  consumes  /Jri  watts  in  heating 
its  conductors,  and  gives  (Pi  —  TJri)  watts  out  from  its 
terminals  and  into  the  low-tension  terminals  of  transformer 
No.  2.  The  latter  consumes  /jra  watts  in  heating  its  own 
conductors,  and  the  remainder  (Pi  —  TJri  —  TJrj)  or  —  P2 
watts  is  returned  to  the  high-tension  line  from  the  coil  A2B2, 
after  having  circulated  through  the  two  transformers.  We 
should  find,  as  a  check  on  the  accuracy  of  our  work,  that 
(Pi  +  P2),  the  algebraic  sum  of  power  taken  from  the  high- 
tension  line  by  the  coils  AiBi  and  A2B2,  is  exactly  equal  to 
(^1  +  ^x)>  the  total  power  consumed  in  overcoming  the 
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copper  losses  of  the  two  transformers.  The  iron  losses  are 
not  considered,  as  they  are  supplied  by  the  exciting  current 
which  flows  in  each  high-tension  coil  in  addition  to  the  cur- 
rents which  we  have  been  considering. 

A  further  useful  application  of  our  vectors,  as  in  Fig.  110, 
gives  us  the  secondary  terminal  voltage  Et  between  the  mains 


5."' 


.e: 


\ 


El- 


\ 
\ 
\ 


::^E: 


Fig.  110.  Terminal  voltage  of  the  unloaded  transformers  having  un- 
equal voltage  ratios.  The  vector  OEt  represents  the  terminal  voltage 
of  both  transformers,  and  must  equal  Et  ®  Xtit  ©  ^2/2  and  Ei  ©  zJi 
@  rJi.  The  vector  OEi  would  represent  the  terminal  voltage  if 
No.  1  possessed  the  combined  reactance  of  the  two  transformers  and 
no  resistance,  while  E'l  is  the  terminal  voltage  if  No.  1  posseased  all 
the  resistance  of  the  two  transformers,  and  no  reactance. 

m,  n  of  Fig.  107  and  108.  Here  the  vectors  -Bi,  E%y  /i,  /j, 
E2  and  /s  have  the  same  significance  as  in  Fig.  109,  although 
the  difference  between  Ei  and  E2  has  been  magnified  in  order 
to  make  the  diagram  clearer.  Starting  at  the  end  of  vector 
El  we  lay  off  Eia  of  length  proportional  to  xji  volts,  lagging 
behind  the  vector  /i  by  90  degrees,  and  representing  the 
counter  e.m.f.  due  to  total  equivalent  leakage  reactance  in 
transformer  No.  1.  Then  from  a  we  lay  out  vector  aEt  of 
length  proportional  to  the  total  equivalent  resistance  re- 
action, in  volts,  of  transformer  No.  1,  and  opposite  in  phase 
to  /i.  This  locates  the  end  of  the  vector  OEt,  which  repre- 
sents terminal  e.m.f.  of  transformer  No.  1.    Next,  starting 
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from  E2  lay  out  EJ)  of  length  proportional  to  Xil%  and  lagging 
90  degrees  behind  /s,  representing  the  reacting  e.m.f.  in 
transformer  No.  2  due  to  its  leakage  reactance.  Then  from 
b  lay  out  bEt  of  length  proportional  to  ril2  and  opposite  in 
phase  to  1%,  representing  the  reacting  e.m.f.  in  transformer 
No.  2  due  to  its  equivalent  resistance.  As  the  terminal 
e.m.f .  in  the  transformer  is  the  resultant  or  vector  sum  of  the 
total  induced  e.m.f.  and  the  reacting  e.m.f. 's  due  to  current, 
it  follows  that  OEt  is  the  terminal  e.m.f.  of  transformer 
No.  2.  As  the  impedance  of  the  secondary  mains  m,  n 
between  XiYi  and  XzYt  has  been  assumed  negligible,  the 
current  /i  or  7?  will  automatically  adjust  itself  in  value  and 
phase  so  that  the  terminal  e.m.f.  of  XiYi  is  equal  to  that  of 
XiYiy  as  indicated  by  coincidence  of  vectors  OEt  in  Fig.  110. 

If  we  consider  the  total  resistance  {n  +  r2)  and  the  total 
reactance  (xi  +  Xi)  in  the  local  circuit  of  secondaries  to  be 
fixed  while  the  distribution  of  either  quantity  between  the 
transformers  is  varied,  we  find  that  the  terminal  e.m.f. 
between  secondary  mains  m,  n  may  vary  in  value  and  phase 
aU  the  way  between  OEi  and  OEi'  in  Fig.  110.  The  former 
(OEt)  represents  the  e.m.f.  between  the  secondary  mains  when 
transformer  No.  1  has  all  of  the  reactance  and  no  resistance  — 
a  hypothetical  limiting  condition;  while  OEl^  is  the  corre- 
sponding e.m.f .  when  transformer  No.  1  has  all  of  the  resist- 
ance and  no  reactance.  The  point  Et  may,  in  fact,  come 
anywhere  withm  the  rectangle  EiEtE^Ei,  whose  diagonal 
is  the  resultant  e.m.f.  {Ei  —  -B2),  one  side  parallel  to  /  and 
equal  to  (n  +  rj)/,  and  other  side  perpendicular  to  /  and 
equal  to  {x\  +  oct)!.  The  value  of  /  and  its  phase  angle 
(^)  with  respect  to  Ei  or  E2  or  {Ei  —  E2)  are  fixed  by  the 
values  of  (n  +  r2)  and  of  {xi  +  0^2),  as  previously  demon- 
strated. 

It  is  instructive  to  consider  the  effect  of  unequal  voltage 
ratios  in  parallel  transformers  upon  the  distribution  of  load 
between  them  when  an  external  circuit  is  completed  between 
secondary  mains.     In  Fig.  Ill,  the  vectors  £1,  E^j  /i  and  /2 
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are  exactly  the  same  as  in  Fig.  110.  Now  suppose  that  there 
is  connected  between  the  secondary  mains  an  external  circuit 
of  such  resistance  and  reactance  that,  if  the  voltage  ratios  of 
the  transformers  were  equal,  it  would  draw  II  amperes  at 
power-factor  cos  ai,  from  the  secondary  of  transformer  No.  1, 
and  II  amperes  at  power-factor  cos  an,  from  the  secondary 


laV-. 


|i- 


FiQ.  111.  Current  in  the  transformers  having  unequal  voltage  ratios, 
when  loaded.  The  vectors  Ei,  Ett  h  and  U  are  the  same  as  in  Fig.  1 10. 
No.  1  is  now  delivering  a  load  current  /£  and  No.  2  a  load  current  I'i. 
These  combine  to  produce  a  total  load  current  of  /l.  The  total  cur- 
rent I'a  in  No.  1  equals  /£  (the  load  current)  vectorially  added  to  h  the 
local  current.  Total  current  la  in  No.  2  equals  Vi  added  vectorially 
to  the  local  current  U.    fa®  Is  ^  h  just  as  II®  H   =  II. 

of  transformer  No.  2.  The  total  load  current  li,  (resultant  of 
vectors  I'l  and  Vi)  is  taken  from  the  secondary  mains  at 
pressure  Et  volts  and  power-factor  cos  a. 

If  now  we  add  (vectorially,  or  by  parallelogram  construc- 
tions as  shown)  the  local  current  I\  in  transformer  No.  1  to 
the  load  current  /£  in  the  same  transformer,  we  get  /g,  the 
total  secondary  current  in  this  transformer.  If  then  we  add 
vectorially  the  local  current  in  transformer  No.  2,  represented 
by  vector  /a,  to  the  load  current  I'i  in  the  same  transformer, 
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the  resultant  is  the  total  current  la  in  the  secondary  of  this 
transformer.  The  effect  of  the  circulating  current  7i  or  1% 
due  to  unequal  voltage  ratios  is,  therefore,  to  alter  the  total 
current  in  transformer  No.  1  from  II  to  7i,  and  to  alter  the 
total  current  in  transformer  No.  2  from  r£  to  Is-  As  a 
check,  we  may  combine  Is  with  Is,  and  we  should  find  the 
resultant  to  be  exactly  coincident  with  Jl,  as  the  external 
circuit  and  total  current  remain  unchanged. 

Note :  AH  problems  in  ftua  group  are  to  be  worked  on  the  assumption 
tiiat  there  is  no  load  connects  to  the  secondaiy  mains. 

Prob.  7-4.  One  transformer  having  a  ratio  of  10 : 1  with  equiv- 
alent resistance  1  per  cent  and  impedance  2  per  cent  is  paralleled 
with  another  having  ratio  9.6:1  with  resistance  1.5  per  cent  and 
impedance  5.0  per  cent.  Each  transformer  is  rated  25  kv-a. 
60  cycles,  and  for  6600  volts  on  high-tension  side.    Calculate: 

(a)  Secondaiy  open-circuit  voltage  of  each  transformer. 

(6)  Equivalent  low-tension  resistance  and  reactance  of  each 
tiansformer,  in  ohms. 

(c)  Current  flowing  in  secondaries  when  connected  through 
mains  of  negligible  impedance,  expressed  in  amperes  and  in  per  cent 
of  rated  current  of  each  transformer. 

Prob.  8-4.  Calculate  PR  loss  in  each  transformer  of  Prob.  7, 
in  kilowatts  and  in  per  cent  of  its  PR  loss  at  rated  full  load. 

Prob.  9-4.  Calculate  kilowatts  taken  by  each  transformer  of 
Prob.  7  from  the  high-tension  line,  neglecting  core  losses.  There  is 
no  load  connected  to  the  secondary  mains.  Find  whether  the  alge- 
braic sum  of  these  two  amounts  is  equal  to  the  sum  of  PR  losses  in 
Prob.  8.    If  not,  explain  why. 

Prob.  10-4.  Calculate  the  voltage  between  terminals  of  sec- 
ondaries in  Prob.  7,  and  also  the  power-factor  of  the  current  which 
is  being  pumped  from  the  secondary  of  the  9.6 : 1  transformer  into 
the  secondary  of  the  10 : 1  transformer. 

Prob.  11-4.  Prove  algebraically  from  the  equations  in  the  pre- 
ceding article  that,  in  general, 

Pi  +  Pt  =  /In  +  TJr,. 

Prob.  12-4.  Perform  the  calculations  of  Prob.  7  and  8  on  the 
assumption  that  the  10 : 1  transformer  has  1.5  per  cent  resistance 
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and  5.0  per  cent  impedance  while  the  9.6 : 1  transformer  has  1  per 
cent  resistance  and  2  per  cent  impedance. 

Prob.  18-4.  Perform  the  calculations  of  Prob.  9  and  10  on  the 
assumption  stated  in  Prob.  12. 

52.  Effect  of  Unequal  Percentages  of  Impedance  in 
Parallel  Transformers.  For  simplicity,  let  us  continue  to 
assume  that  the  impedances  are  negligible  in  those  portions 
of  the  high-tension  and  of  the  low-tension  mains  connecting 
the  transformers.  It  follows,  then,  that  the  terminal  voltage 
is  the  same  for  all  high-tension  coils,  and  also  that  all  low-ten- 
sion coils  have  the  same  terminal  voltage.  This  means  that 
the  total  internal  drop  due  to  equivalent  impedance  must  be 
the  same  for  all  of  the  parallel  transformers  —  that  is,  equal 
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Fig.  112.  Although  the  impedance  Zi  of  No.  1  is  not  equal  to  the 
impedance  Zt  of  No.  2,  the  currents  in  the  two  transformers  in  parallel 
will  always  adjust  themselves  so  that  the  impedance  drop  zJi  of  No.  1 
is  equal  to  and  in  phase  with  the  impedance  drop  ztit  of  No.  2.  The 
terminal  voltage  of  each  then  is  OE3  =^  EqQ  zJi  ^  Eo©  zth. 

in  value  and  coincident  in  phase.  In  other  words,  the  vectors 
OS,  OEp  and  SEp  of  Fig.  104  (Chap.  Ill)  are  identically  the 
same  in  value  and  in  phase  relations  for  all  transformers  in 
parallel. 

Thus,  in  Fig.  112,  OEq,  conmion  to  all  the  transformers  in 
parallel,  is  equal  to  the  high-tension  line  e.m.f .  divided  by  the 
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ratio  of  high-tension  turns  to  low-tension  turns,  or  it  is  the 
e.m.f .  that  would  be  induced  in  secondary  if  aU  of  the  equiva- 
lent resistance  and  reactance  were  concentrated  in  the 
secondary,  there  being  then  no  reactions  in  the  primary. 
OEs  is  the  terminal  e.m.f.  of  secondary,  identical  for  all  of 
the  transformers  in  parallel.  Transformer  No.  1  is  deliver- 
ing to  the  load  /i  amperes  from  its  secondary,  lagging,  with 
power-factor  of  cos  ai.  EsCi  =  rJi  is  the  e.m.f.  consumed  in 
overcoming  the  reaction  due  to  equivalent  resistance,  while 
CiEq  =  xJi  is  the  e.m.f.  consumed  in  overcoming  the  reaction 
due  to  equivalent  reactance  in  transformer  No.  1.  Of  course, 
1 1  is  the  current  in  the  secondary  coil  of  transformer  No.  1, 
and  Ti  and  Xi  are  the  equivalent  resistance  and  reactance, 
respectively,  of  this  transformer  reduced  to  terms  of  second- 
ary. The  vector  sum  {OEs  ©  nfi  ©  xJi)  is  equal  to  OEq, 
the  total  induced  voltage  in  secondary;  and  zJi  is  the  total 
equivalent  impedance  drop,  in  secondary  volts. 

Now  consider  the  other  transformer  No.  2,  which  is  operat- 
ing in  parallel  with  No.  1.  Having  identical  vectors  OEs  and 
OEo,  as  in  Fig.  112,  it  must  also  have  identical  impedance 
drop  EsEq.  Given  the  values  of  equivalent  resistance  rj  and 
of  equivalent  reactance  Xz  for  this  transformer,  the  current 
It  in  its  secondary  coils  must  automatically  adjust  itself  to 
such  value  and  such  phase  relations  that  the  vector  sum  of 
rJt  parallel  to  h,  and  xJi  perpendicular  to  hj  will  be  equal 
to  the  vector  zjt  =  zJi  =  Eo  Q  Es  =  EsEq.  In  fact,  h  will 
keep  changing  and  we  shall  not  have  equilibrium,  until  this 
relation  is  attained.  Transformer  No.  2  will  then  be  deliver- 
ing to  the  load  h  secondary  amperes 


/j  _  EsCj  volts  _  €2^0  volts\ 
V  ^  ~    r2  ohms         x^  ohms  / 


at  power-factor  cos  a2,  while  transformer  No.  1  is  delivering 

J  /     EsCi  volts      CiEq  volts\   ^ 

1 1  secondary  amperes  {  =         , = r 1  at  power- 

\       n  ohms         Xi  ohms  / 

factor  cos  ai. 
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Notice  from  Fig.  112  that  the  secondary  currents  (expressed 
in  amperes)  in  the  transformers  must  be  in  the  inverse  ratio 
of  the  impedances  (expressed  in  ohms).  That  is,  since  2^1/1 
volts  s  zJt  volts,  it  must  follow  that 

Is  amperes      Zi  ohms 
7i  amperes      Zt  ohms 

From  this  relation  it  is  easy  to  show  that,  if  transformer  No.  1 
has  4  per  cent  impedance  and  transformer  No.  2  has  2  per 
cent  impedance,  then  transformer  No.  1  cannot  be  operated 
at  more  than  half  of  its  rated  load  without  overloading 
transformer  No.  2,  and  No.  2  will  carry  100  per  cent  over- 
load when  No.  1  is  just  loaded  to  its  full  rated  kilovolt- 
amperes.  When  No.  1  carries  its  rated  full-load  kv-a.  or  cur- 
rent, the  impedance  drop  in  it  is  4  per  cent  of  line  voltage; 
when  No.  2  carries  its  rated  kv-a.  or  current,  the  impedance 
drop  in  it  is  only  2  per  cent  of  the  same  line  voltage.  But  the 
impedance  drop  in  volts  must  be  the  same  for  both  transform- 
ers, hence  No.  1  will  carry  only  half  as  large  a  fraction  of  its 
rating  as  No.  2  will  carry  simultaneously,  regardless  of  what 
the  rating  may  be  or  of  what  actual  currents  or  what  kilovolt- 
amperes  the  transformers  carry. 

Example  1.  Transformers  A,  B,  C,  having  characteristics  as 
tabulated  below,  are  operated  in  parallel.    Determine: 

(a)  Which  transformer  will  reach  its  full-load  first,  as  the  total 
load  19  increased? 

(6)  What  will  be  the  load  on  each  of  the  other  transformers,  in 
kv-a.  and  in  percentage  of  its  respective  rated  capacity,  when  the 
transformer  of  part  (a)  is  operating  at  its  full  rated  capacity? 


Tnne- 
former 
num- 
ber. 

Higb- 
ten- 
alon 
volte. 

Low- 
ten- 
sion 
volte. 

Fre. 
quency. 

Imped- 
ance 

volte  in 

per 

cent. 

Imped- 
ance 
watte. 

Total 
/>/2  cal- 
culated 
from  re- 
sist- 
ances. 

Rated 
kv-a. 

/  Rated  kv-a.  \ 
Vlmpedanoe  %) 

A 
B 
C 

6600 
6600 
6600 

2300 
2300 
2300 

60 
60 
60 

2.20 
2.45 
4.14 

2700 
3095 
5570 

2080 
2860 
4250 

500 
500 
750 

227.2 

.   204.0 

181.0 
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(c)  When  transformer  C  having  the  highest  percentage  of  im- 
pedance reaches  its  full-load,  what  will  be  the  load  on  B  and  A, 
respectively,  in  kv-a.  and  in  per  cent  of  their  rated  capacities? 

(a)  We  have  akeady  explained  that  the  transformer  having 
lowest  percentage  of  impedance  (in  this  case,  A)  will  be  first  to  reach 
its  rated  full  load  as  the  total  load  is  increased.  We  have  also  seen 
that  the  transformer  having  highest  percentage  of  impedance  (in  this 
case,  Cj  will  be  the  last  to  attain  its  rated  full  load. 

(6)  It  should  be  evident  from  the  preceding  explanations  that  the 
actual  loads,  in  amperes  or  in  kv-a.,  on  each  of  several  transformers 
in  parallel  will  be  inversely  proportional  to  the  percentages  of  im- 
pedance and  directly  proportional  to  the  rated  values  of  kv-a.  or  of 

(2.20\ 
-^j  times  its 

own  rated  kv-a.  when  A  is  canying  just  its  rated  kv-a. ;  but  inas- 

——)  times  that  of  A,  it  follows  that 

the  actual  kv-a.  which  C  carries  will  be  {-rn  X  ttt  )  times  as  large 

\4.14     600/ 

as  that  which  A  carries,  whatever  may  be  the  numerical  values  of 

these  loads.    Thus 

Kv-a.  in  C  _  %  impedance  of  A      Rated  kv-a.  of  C 
Ev-a.  in  A      %  impedance  of  C     Hated  kv-a.  of  A 

Rated  kv-a.  of  C 
,  Kv-a.  in  C  _  %  impedance  of  C  _  Kc 

Kv-a.  in  A  "   Rated  kv-a.  of  A       K^ 

%  impedance  of  A 

where  K  is  a  factor  obtained  for  each  transformer  by  dividing  its 
rated  kv-a.  by  its  percentage  of  impedance. 

Having  calculated  the  values  of  K  for  the  transformers  in  this 
example  as  shown  in  the  last  column  of  the  table,  we  may  state  the 
following  proportionality:  kv-a.  of  A  :  kv-a.  of  B  :  kv-a.  of  C  :: 
227.2  :  204.0  :  181.0,  or  that  Ia'.Ib'Ic'^  227.2  :  204.0  :  181.0. 

Thus,  at  any  and  all  loads,  C  will  deliver  f       '  j  times  as  many 

amperes  as  A,  and  B  will  deliver  (  '  1  times  as  many  amperes  as 
A,  Therefore,  when  A  is  delivering  its  rated  full  load  of  500  kv-a. 
or  f       '       «  217  j  amperes  low-tension,   C  will  be  delivering 
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(181  \  /  204  \ 

——X  217]  or  173  amperes,  andS  will  be  delivering  (ooto^  ^^^J 

(173  \ 

750  000  -^  2300 J  ^^  ^'^ 

(195  \ 
917/ 

/  2.20 

or  89.8  per  cent  of  the  rated  capacity  of  B,    (Check:  —-r  =53.1 

2.20  \ 

per  cent  for  C,  and  ^rjz  =  89.8  per  cent  for  B.  ] 

(c)  When  C  reaches  its  rated  full  load,  or  326  amperes  low-tension, 

5  will  be  deUvering  (^  X  326  =  367.4^  amperes  or  (^  =  169^ 

(227.2 

X  326  =  409  )  amperes  or  ( -^  =  188  J  per  cent  of  its  rated  capacity. 

Prob.  14-4.  When  transformer  B  of  Example  1  is  carrying  its 
rated  full  load,  what  kv-a.  are  being  delivered  by  A  and  by  C? 

Prob.  15-4.  How  many  henrys  of  inductance  having  negligible 
resistance  must  be  inserted  between  the  high-tension  line  and  the 
primary  of  transformer  A^  Example  1,  in  order  to  make  it  reach  its 
full  load  when  C  reaches  its  full  load? 

Prob,  16-4.  How  many  henrys  of  inductance  having  n^ligible 
resistance  must  be  inserted  between  the  low-tension  line  and  the 
secondary  of  transformer  B,  Example  1,  in  order  to  make  it  reach 
its  full  load  when  C  reaches  its  full  load? 

Prob.  17-4.  Determine  the  rating  of  the  reactances  of  Prob.  15 
and  of  Prob.  16,  (a)  in  kv-a.,  (6)  in  per  cent. 

63.  Effect  of  Unequal  Reactance  Factors  in  Parallel 
Transformers.  If  Fig.  112  were  drawn  to  represent  the 
relations  between  any  number  of  transformers  operating  in 
parallel,  it  would  be  found  that  all  the  points  c  (as  Ci,  C2,  each 
being  the  junction  point  of  the  rl  and  xl  vectors  for  the  same 
transformer)  lie  on  the  circumference  of  a  circle  having  £^£0 
or  zl  as  diameter,  because  the  angles  /EsCiEp,  /Es^o^ 
/EscEo  must  all  be  right  angles.    This  rests  upon  a  well- 
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known  proposition  in  geometry.  The  relation  is  useful  in 
determining  the  actual  load  which  each  individual  transformer 
will  assume  when  a  given  total  load  is  drawn  from  the 
secondary  mains. 

Thus,  suppose  that  transformers  A  and  C  only,  of  Example  1, 
are  operated  in  parallel,  the  total  load  having  72  per  cent  power- 
factor  and  such  value  in  kilovolt-amperes  that  transformer  A  carries 
its  rated  full  load.  We  are  required  to  determine  the  total  kilovolt- 
amperes  and  kilowatts  delivered  from  secondary  mains,  as  well  as 
the  kilowatts,  kilovolt-amperes  and  power-factor  for  each  of  the 
individual  transformers,  and  the  voltage  between  the  secondary 
mains  when  the  high-tension  line  impresses  full  rated  voltage  of 
6600  volts  at  60  cycles  on  both  transformers. 

Figure  113  illustrates  a  method  of  solution.  Start  with  any  con- 
venient line,  such  as  EsEo,  representing  the  voltage  drop  in  each 
transformer  due  to  equivalent  impedance  on  low-tension  basis. 
Divide  EsEo  into  100  equal  parts,  and  draw  a  semicircle  upon  it  as 
diameter.  Now  calculate  the  ratio  r/z  for  each  transformer,  as 
follows: 

Transformer  A:  The  measured  ''impedance  watts''  equal  the 
true  "copper  loss";  hence, 

2700  watts  copper  loss  with  full-load  current       _  nnrvwi 
500,000  watts  input  (approx.)  with  full-load  current 

That  is,  0.54  per  cent  of  the  impressed  voltage  is  consumed  in 
overcoming  resistance,  or  the  equivalent  resistance  is  0.54  per  cent. 
The  impedance  of  this  transformer  is  2.20  per  cent,  therefore 

~T  =  Kl^  =  0.245,  or  rJi  =  24.5  per  cent  of  zL 
Zili      2.20 

Similarly,  for  Transformer  C: 

5570  watts  copper  loss 


=  0.00743. 


750,000  watts  input  (approx.) 

That  is,  the  total  equivalent  resistance  drop  is  0.743  per  cent  of 
the  applied  voltage.    Then 

Tjt      0.743 


zJz       4.14 


=  0.179,  or  rJi  =  17.9  per  cent  of  zl. 


Now,  with  Es  as  center  and  radius  24.5  per  cent  of  EsEo,  swing  an 
arc  intersecting  the  semicircle  at  ci,  and  through  ^^i  draw  a  vector 
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/]  or  /^  representing  to  any  suitable  scale  the  number  <rf  amperes 

500  000 
in  transformer  A,  namely  ■  ■^-   or  217  in  this  example.     Simi- 
larly, strilce  another  arc  with  radius  17.9  per  cent  of  EaEt  intersecting 


Fia.  113.  Diagram  for  finding  currents  Ia,  la  angles  oi  and  at  and 
terminal  voltage  OEa  of  parallel  transformers  A  and  C.  line  £«£■ 
is  first  laid  off  to  represent  impedance  drop  of  each  tranaformer. 
The  total  current  Ii.  is  then  found  and  from  this  and  the  an^e  a  the 
dh'ection  of  the  line  OE^  is  determined.  The  length  of  the  induced- 
voltage  vector  OEit,  to  same  scale  as  EaEt,  determines  the  length  of 
OEg,  the  lerminal-voltage  vector. 

the  semicircle  at  cj,  and  through  Ego  draw  vector  I,  or  Ic  represent- 
ing to  the  same  scale  the  amperes  in  transformer  C,  namely  173. 
Add  the  currents  /i  and  /i  vectorially,  and  obtain  the  resultant  cur- 
rent Ii  which  is  being  deUvered  from  the  secondary  mains.  Next  find 
the  angle  a  whose  cosine  is  the  power-factor  given  for  the  total  toad. 
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If  the  total-laad  current  II  is  lagging,  as  usual,  lay  out  a  line  OE^ 
of  indefinite  length  through  Es  on  each  side  of  Eg  and  leading 
the  vector  EsIl  by  a  degrees.  Then  from  Eo,  with  radius  repre- 
senting the  total  induced  voltage  (high-tension  line  e.m.f .  divided 
by  ratio  of  transformation)  to  the  same  scale  that  ^^^o  represents 
impedance  volts  in  transformer  A  with  h  amperes  flowing,  strike 
an  arc  intersecting  OE^  at  0.  By  applying  the  scale  to  OEs  we 
measure  the  terminal  voltage  between  secondary  mains. 

Transformer  A  will  imder  these  conditions  be  delivering  power  at 
power-factor  equal  to  cos  on,  and  transformer  C  will  deliver  power 
at  power-factor  cos  as,  where  an  and  as  are  the  angles  separating 
OEs  or  Egy  from  7i  and  7s,  respectively.  The  relations  between  real 
power  outputs  of  individual  transformers  and  of  secondary  mains 
should  furnish  a  check  on  the  accuracy  of  the  work.    Thus: 

Pa  =  EsIa  cos  oi, 

Pc  =  Esic  cos  as, 

P]j  —  total  power  taken  from  secondary  mains 
=  Pa  +  Pc  =  EsIl  cos  a. 

From  the  construction  given  it  may  be  seen  that,  if  the  power 
taken  from  the  secondary  mains  be  reduced  to  i  Pl  watts,  but  stiU 
at  the  same  power-factor  cos  a,  the  effect  is  to  reduce  the  length  of 
/x,,  Iji  and  Ic  each  to  )  its  former  value,  but  not  to  alter  their  phase 
relations.  The  vector  EsEo  now  represents  half  as  many  volts 
impedance  drop  as  before,  therefore  OEo  representing  the  same  im- 
pressed voltage  will  be  twice  as  long  as  before,  relative  to  the  length 
of  EsEq.  Of  course  OE3  will  now  be  measured  by  the  new  voltage 
scale  adopted  for  EsEo.  We  can  also  see  from  Fig.  113  that  for  low 
power-factors  with  h  lagging,  the  impedance  drop  is  more  nearly 
parallel  to  OEo  and  therefore  the  secondary  terminal  voltage  is 
lower  and  the  voltage  regulation  is  higher  or  poorer. 

It  is  apparent  that  if  the  ratios  x/r  or  r/z  are  nearly  the 
same  for  all  the  transformers  which  are  connected  in  parallel, 
the  individual  currents,  as  h  and  /„  wUl  be  nearly  in  phase 
with  one  another,  and  the  angles  ai,  as,  oc  will  be  nearly  equal. 
From  this  it  results  that  the  total  or  resultant  current  II 
delivered  from  the  secondary  mains  will  be  then  very  nearly 
equal  to  the  arithmetical  sum  of  the  individual  currents,  or 
that  the  total  kilovolt-amperes  of  transformer  capacity 
required  will  be  very  little  greater  than  the  total  or  resultant 
kilovolt-amperes  of  load  taken  from  the  secondary  mains. 
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A  further  result  of  less  consequence  is  that  all  such  trans- 
formers operate  at  nearly  the  same  power-factor  as  the  mains. 
Conversely,  if  the  reactance  factors  x/z  are  much  different  for 
the  various  transformers  in  parallel,  the  total  kv-a.  rating 
required  will  be  considerably  larger  than  the  resultant  kv-a. 
taken  from  the  mains;  that  is,  some  of  the  transformer  kv-a. 
will  be  consumed  in  useless  currents  circulating  between  the 
transformers.  Evidently,  therefore,  the  money  investment 
in  banked  transformers  intended  to  carry  a  given  load  may 
be  uselessly  increased  by  failure  to  select  transformers  having 
similar  characteristics. 

Example  2.  Let  us  proceed  to  find  numerical  values  for  the 
quantities  referred  to  above,  with  relation  to  transformers  A  and  C 
of  Example  1. 

/Ef^sh  =  arc  cos*  f  ^M  =  arc  cos  0.245  =  75^  49'. 

/EJSsU  =  arc  cos  l^  =  arc  cos  0.179  =  79**  40'. 

/IiEsI*  =  79**  40'  -  75**  49'  =  3**  51'.       cos  3**  51'  =  0.9977. 

Iz  ~  173  when  h  =  217  (full  load  of  transformer  A).    See  page 
217. 

7i  «  (173)»  +  (217)2  +  2  X  173  X  217  X  cos  3**  51'  =  151,940. 

Il  =  Vl51,940  =  389.8,  say  390  amperes. 

Thus  /jr,  is  almost  exactly  equal  to  the  arithmetical  sum  of  /^ 
and  Ic  notwithstanding  the  fact  that  the  transformers  differ  in  per- 
centage resistance  and  impedance. 

sin  /IiEsIl      Iz        173 

-: — .-,  .  .    =  ■;-  = =  0.444.     (See  First  Course,  page  511.) 

sm  /EsIiIl     II     389.8 

sin  /IxEsIl  =  0.444  sin  (180^-  3^  51')  =  0.444  X  0.06714  =  0.02983. 
/hEsH  =  1^43'. 

If  the  power-factor  of  7^  is  0.72,    then  a  =  arc  cos  0.72  =  43**  57', 
a,  =  43**  57'  -  1**  43'  =  42**  14',  and  a,  =  42**  14'  +  3**  51'  =  46**  5'. 

*  The  expression  "arc  cos "  means  "  the  angle  the  cosine  of  which 


is." 
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Pow«r-factor  of  load  on  A  is  cos  42^  14'  »  0.7404. 
Power-factor  of  load  on  C  is  cos  46''  5'  »  0.6936. 

/yEsEo  =  /E^sli  -  /ai  =  75**  49'  -  42^  14'  «  33^35'. 

Wfo  =  OS's  +  E^o  +  2  X  OEs  X  EsEo  X  cos  33**  35'. 

(See  First  Course,  page  509.) 

But  OEo  «=  secondary  voltage  at  zero  load;  let  us  assume  it  to 

be  2300  volts. 
Also,  EsEq  =  Z\I\  —  2.20  per  cent  of  2300  volts  when  A  is  carry- 
ing full  load 
=  50.6  volts. 

Then         2300*  =  0^  +  SOie*  +  2  X  50.6  X  0.833  X  OEs 

or  Ws  +  84.3  X  OEs  -  5,287,440  =  0. 

Whence 

-84.3 ±  V(84.3)»  +  (4  X  1 X  5,287,440)      -84.3 d=  4600 

OEs^ 23a " 2 

OEs  =  2257.8  volts. 

Kv-a.  output  of  A  =  217  X  2257.8  4-  1000  =  490.0. 
Kv-a.  output  of  C  =  173  X  2257.8  -$-  1000  =»  390.6. 
Kw.    output  of  A  =  490  X  0.7404  =  363.0  =  Pa- 
Kw.    output  of  C  =  390.6  X  0.6936  =  271.0  =  Pc^ 

OK^ir  [^A  +  Pc^  363.0  +  271.0  =  634  kw. 
i^necK  |p^  =  389.8  X  2257.8  X  0.72  =  634  kw. 

If  we  assume  that  the  secondary  terminal  voltage  is  to  be  2300 
at  full  load,  with  the  same  pressiu*e  of  6600  impressed  upon  the 
primary,  we  shall  require  a  different  ratio  of  turns  in  the  trans- 
former. Now,  OEs  =  2300  and  OE^  becomes  the  unknown  e.m.f. 
to  be  determined  from  the  trigonometrical  relations.    Thus: 

OBJ  =  2300*  +  506*  +  2  X  2300  X  50.6  X  0.833, 
whence    OE^  =  2345  volts.     Then: 

Ar^_6600^6600 
Nl      OEo      2346 

Therefore,  at  zero  load  the  secondary  terminal  voltage  becomes 

2—  =  2345  volts, 

aa  zl  then  reduces  practically  to  zero. 
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In  this  case  the  voltage  regulation  of  the  bank  of  transfonnera  is 

2345-2300      ,_ 

In  the  other  case,  the  voltage  regulation  of  the  bank  was 

2300  -  2257.8      ,  ^^ 

2257.8        =  ^-^^  "^^  ^^*- 

It  should  Ix;  evident  from  this  example  that  such  problems 
cannot  be  solved  graphically  with  necessary  accuracy.  The 
vector  diagram  serves  only  as  a  basis  for  the  trigonometric 
calculations  as  used  above.  The  treatment  is  easily  extended 
to  include  any  given  niunber  of  transformers  in  parallel. 

Prob.  18-4.  By  study  of  Fig.  113  state  in  clear  English  what 
relation  of  impedances  and  of  equivalent  resistances  and  reactances 
of  the  two  transformers  A  and  C  would  cause  the  maximum  differ- 
ence to  exist  between  the  total  kv-a.  necessary  rating  of  the  trans- 
formers, and  the  kv-a.  supplied  to  the  secondary  mains.  The  total 
transformer  capacity  required  is  then  what  percentage  of  the  kv-^a. 
load  on  mains? 

Prob.  19-4.  In  Electric  Journal,  May,  1909,  an  author  states, 
with  regard  to  two  transformers  in  parallel,  that  if  the  reactance  of 
neither  transformer  is  more  than  4  times  its  resistance  nor  less  than 
1  times  its  resistance,  then  the  current  or  kv-a.  capacity  required 
per  transformer  does  not  exceed  by  more  than  4  per  cent  that  which 
would  be  necessary  if  this  ratio  {x/r)  were  the  same  in  both  trans- 
formers. Prove  either  that  this  statement  is  correct  or  that  it  is 
incorrect.  Is  it  true  if  both  transformers  have  the  same  per  cent, 
impedance? 

Prob.  20-4.  If  the  total  load  on  the  two  transformers  of  Ex- 
ample 2  is  non-inductive  and  of  such  value  that  C  delivers  its  rated 
current,  calculate: 

(o)  Power-factor  of  current  delivered  by  A] 

(6)  Power-factor  of  load  on  C; 

(c)  Volts  between  secondary  mains. 

Prob.  21-4.  What  will  be  the  kv-a.  delivered  by  each  of  the 
three  trsuisformers  of  Example  1  when  the  total  kv-a.  load  on  the 
secondary  mains  is  equal  to  the  arithmetical  sum  of  the  several 
capacities  —  namely,  1750  kv-a.? 

Prob.  22-4.  Considered  simply  as  an  equivalent  group  of 
parallel  impedances,  what  is  the  total  equivalent  impedance,  in 
ohms,  of  the  three  transformers  of  Example  1? 
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Prob.  2^4.  If  no  transformer  can  be  permitted  to  carry  a  greater 
overload  than  25  per  cent,  calculate  the  greatest  load  in  kilowatts 
at  80  per  cent  power-factor  that  can  be  taken  from  the  secondary 
mains  of  Example  1. 

64.  Autotransformers.  Consider  a  wire  wound  into  a 
continuous  coil  of  Nh  turns,  on  an  iron  core,  as  between  A 
and  B  in  Fig.  114.    We  impress  an  alternating  e.m.f.  of  Ea 


]_,    Nl  turn*.  (  j!l)  volte  per  turn 
X        E,.(§i).V.EHfe) 


Fig.  114.    Diagram  of  a  step-down  autotransformer.    The  low- 
tension  coil  IB  a  part  of  the  high-tension  coil. 

volts  across  AB;  this  causes  an  exciting  current  to  flow  in 
AB  which  produces  an  alternating  flux  in  the  core.  If  we 
assume  the  magnetic  system  to  be  perfect,  so  that  there  is  no 
leakage. of  flux  out  of  the  core,  the  same  flux  will  link  with 
every  one  of  the  Nh  turns,  and  the  e.m.f.  thereby  induced  in 
every  individual  turn  will  be  of  the  same  value  and  in  the 
same  direction.  If  the  copper  circuit  is  well  designed  the 
resistance  drop  will  be  negligible  in  comparison  with  the 
applied  e.m.f.  or  the  induced  counter  e.m.f.;  in  the  ideal  case 
we  assume  that  the  counter  e.m.f.  is  equal  to  the  applied 
e.m.f.  Therefore,  across  each  individual  turn  we  shall  have 
(Eh/Nh)  volts. 

Now  suppose  we  connect  a  load  circuit  to  any  two  taps  XY 
on  this  coil,  between  which  there  are  Nl  turns.    As  each  turn 
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has  (Eb/Nh)  volts  across  it  and  all  these  e.m.f.'s  are  in  phase 
with  one  another,  the  total  e.m.f.  across  XF  is  ^lI^) 


or 


^-m 


That  is,   in    general, 


Er  Ni 


The  relative 


Eh     Nh 
polarity  of  the  high-tension  and  low-tension  sides  is  indicated 

according  to  the  A.I.E.E.  rule;  the  external  e.m.f.  from  X 
toward  Y  reaches  its  maximum  value  at  the  same  instant 
that  the  external  e.mi .  from  A  toward  B  reaches  its  maximum 
value. 

Figure  115  illustrates  a  step-up  autotransformer,  as  dis- 
tinguished from  Fig.  114,  which  is  a  step-down  autotrans- 


<■♦ 


.-^'4 


£(,  volu  impreaaed  cm 
Nl   turn* 

•  (5k)  volu  per  tnm 
^v ^       X 
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Fig.  115.    A  step-up  autotransformer.    The  yoltage  between  any  two 
taps  is  the  sum  of  the  voltage  across  all  the  turns  between  the  taps. 

former.  In  Fig.  115,  we  impress  Ei  volts  upon  Nj,  turns, 
which  causes  an  e.m.f.  of  (El/Nl)  volts  to  be  induced  in  each 
turn  of  the  entire  coil,  which  has  altogether  N^  turns,  N^ 
being  larger  than  Nl,    The  total  e.m.f.  between  A  and  B, 

which  includes  Nh  turns,  is,  therefore,  equal  to  ( xr^  X  Nh) 

or  (-^  X  El)  volts.  Some  minds  may  inquire  how  the  in- 
duced e.m.f.  between  Y  and  B  (Fig.  115)  adds  itself  to  the 
impressed  e.m.f.  between  X  and  F,  to  produce  the  total  e.m.f. 


or 


L 
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(Nh/Nl)  El  between  A  and  B,  Let  us  assume  that  at  some 
chosen  instant  of  time  the  direction  of  the  impressed  e.m.f. 
is  toward  the  coil  at  Y  and  away  from  it  at  X,  as  indicated  by 
the  arrowheads  on  the  primary  mains.  Then  the  counter 
e.m.f.  induced  in  coil  XF  at  this  instant  has  a  value  of  Ej, 
volts  and  direction  as  shown  by  the  dotted  arrow  pointed 
vertically  upward  from  A.  The  induced  e.m.f.  between  Y 
and  B  has  a  similar  direction  (from  Y  toward  B  as  shown 

also  by  dotted  arrow),  and  a  value  of  {Nh  —  Njj)  ii^) 

I — ^^ — -jEi  volts.    It  is  easily  seen  that  the  induced 

e.m.f .  y  to  JS  is  in  additive  series  with  the  impressed  e.m.f.  be- 
tween Y  and  X,  and,  as  it  is  also  in  phase  with  the  latter,  the 

total  e.m.f .  between  A  and  B  is  equal  to  £l  +  (    ^^ — ^)  E 

or  El  (-rp)  volts.     An  autotransformer,  therefore,  differs 

from  the  regular  transformer  only  in  that  the  primary  and 
secondary  coils  are  in  series,  or  rather,  that  one  of  these  is  a 
part  of  the  other. 

We  may  economize  material  and  improve  the  operating 
characteridtics  of  the  autotransformer  by  calculating  the 
relation  between  the  currents  which  flow  in  the  coik  and 
proportioning  the  size  of  the  wire  thereto.  For  convenience, 
let  us  neglect  the  small  exciting  current  that  flows  in  the 
primary  section  which  is  connected  to  the  source  of  power, 
and  study  only  the  currents  due  to  load.  Thus,  in  Fig.  115, 
let  us  draw  10  amperes  current  from  the  secondary  AB  to  a, 
load  circuit,  and  assume  constants  as  follows: 

iVH=2000.    ArL=200.    Bl  =  220.    J?^  =  220  X  (Wrf')  =  2200. 

Now,  10  amperes  drawn  from  BA  will  flow  through  the  turns 
from  F  to  5  in  the  direction  shown  by  the  arrows,  which  is 
the  direction  of  the  total  e.m.f.  acting  to  produce  this  current. 
The  m.m.f .  acting  on  the  magnetic  circuit  due  to  this  current 
of  10  amperes  is  lu  (Nu  -  Nl)  or  10  (2000  -  200)  equals 
18,000  ampere-turns.    This  m.m.f.  tends  to  decrease  the  flux 
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due  to  the  exciting  current,  which  flows  in  the  primary  coil 
from  F  to  X  in  the  direction  of  the  arrowheads  marked  on 
the  turns.  To  maintain  the  primary  counter  e.m.f.  equal 
(approximately)  to  the  impressed  e.m.f.  E^  requires  the 
same  flux ;  therefore,  a  load  current  will  flow  from  the  primary 
mains  in  the  same  (marked)  direction  as  the  exciting  current. 
Enough  load  current  will  flow  from  F  to  X  to  produce  a 
m.m.f.  equal  and  opposite  to  that  due  to  the  secondary 
load  current,  or  18,000  ampere  turns.  The  amount  of  load 
current  in  the  primary  coil  XY  will,  therefore,  be  /^  = 

— — ^ ~}  ^^    tw\    =  90  amperes  in  this  example.    The 

distribution  of  load  currents  will  then  be  as  shown  in  Fig.  116 
and  we  have: 

Input  to  primary  XY  =  100  amp.  at  220  volts 

=  22,000  volt-amperes. 

Output  from  secondary  AB  =  10  amp.  at  2200  volts 

=  22,000  volt-amperes. 

For  reasons  explained  in  Art.  35,  the  power-factor  of  this 
input  will  be  equal  to  that  of  the  output.  The  actual  current 
flowing  in  XF  will  be  the  vector  sum  of  the  load  component 
(90  amperes  in  this  case)  and  the  exciting  current  which  is 
practically  unchanged  at  all  loads. 

Inasmuch  as  the  current  in  XY  of  Fig.  115  and  116  is  90 
amperes  when  the  current  in  YB  is  10  amperes,  it  would  be 
folly  to  use  the  same  size  of  wire  in  all  turns  of  the  auto- 
transformer.  To  preserve  a  uniform  current  density  in  all 
parts  of  the  copper  circuit,  the  conductor  from  X  to  F  should 
have  9  times  as  much  cross-sectional  area  (circular-mils) 
as  the  conductor  from  F  to  i?.  Obviously,  this  ratio  will 
depend   upon   the   ratio   of   voltages;   in  fact,    it  will   be 

7^  =  —^^5 — - .  Particularly  when  the  pressure  is  to  be 
lu  ^L 

changed  only  slightly,  the  autotransformer  is  very  much 
more  economical  of  material,  and  therefore  cheaper,  than  the 
ordinary  transformer.    This  is  illustrated  by  Prob.  27-4. 
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It  is  instructive  to  check  further  our  knowledge  of  these 
relations  by  considering  the  results  of  reversing  the  connec- 
tions of  that  section  of  the  winding  between  Y  and  B  in  Fig. 
116.    The   new  relations 
are  indicated  in  Fig.  117, 
from  which   we  see   that 
we  must  put  in  80  amperes 
at    220    volts,  or    17,600 
volt-amperes,     when     we 
take  out   10   amperes   at  „ 

1760  volts,  or  17,600  volt-    ^ " 

amperes.     In  this  case  the 

section   YB  "bucks"  the     '^^~*t„.,„^.  ' 

section  XY,  and  the  volt-  Fio.  116.    Diagram  showing  the  dis- 
age   across    AB    is    equal      tributioa  of  the  load  currenta  in  an 
to  the  difference  between      autotransfonner. 
the  voltages  YB  and  XY,  instead  of  their  sum  as  in  the  pre- 
vious example. 

If  we  were  to  use  the  same  size  copper  in  all  turns  of  Fig. 


i 

^  * 

'— -- 

Fio.  il7.    The  autotranatorroer  of  Fig.  116,  with  the  winding  between 
t^ie  y  and  B  reversed. 

115  or  116  we  should  either  waste  the  carrying  capacity  of 
one  coil  or  bum  the  insulation  of  the  other,  except  when  the 
ratio  of  transformation  is  1 : 2.     If  all  the  wire  were  heavy 
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enough  to  carry  the  low-tension  current  without  injury  to  its 
insulation,  the  copper  in  YB  would  be  underloaded  and  used 
to  poor  advantage;  and  if  all  the  copper  were  just  heavy 
enough  to  carry  rated  secondary  current,  the  low-tension 
section  would  be  burned  out. 

Note:  In  the  following  problems  Hi  and  Hs  are  the  hij^-tendon  line 
wires  and  Li  and  Li  are  the  low-tension  mains. 

Prob.  24-4.  An  ordinary  distributing  transformer  rated  10 
kv-a.,  2200-1100/220-110  volts,  60  cycles,  has  two  low-tension 
coils  XiYi  and  XtYt  and  two  high-tension  coils  AiBi  and  AtBt. 
Calculate  the  rated  (effective)  full-load  values  of  the  following: 
(a)  Amperes  per  coU,  high-tension,  (6)  Amperes  per  coil,  low-tension, 
(c)  Volts  per  coil,  high-tension,  (d)  Volts  per  coil,  low-tension. 

Prob.  2&-4.  The  transformer  of  Prob.  24  is  connected  as  fol- 
lows: Ai  to  Hi'y  El  to  All  82  to  Xi  and  Li;  Yi  to  Xt]  Ytto  L2  and 
Ht.  Calculate  the  values  of  the  following  quantities,  when  core  flux 
has  the  same  value  as  in  Prob.  24: 

(a)  Volts  between  high-tension  mains,  Hi  and  Ht, 

(6)  Volts  between  low-tension  mains,  In  and  L2. 

(c)  Largest  current  that  can  be  delivered  to  low-tension  mains 
without  injuring  any  coil  in  the  transformer. 

(d)  Current  taken  from  high-tension  line  corresponding  to  (c). 
(c)  Ciurent  in  each  low-tension  coU  corresponding  to  (c). 

(f)  Current  in  each  high-tension  coil  corresponding  to  (c). 

(g)  Largest  kv-a.  rating  of  the  autotransformer  with  these  con- 
nections. 

Prob.  26-4.  The  transformer  of  Prob.  24  is  connected  as  fol- 
lows: Ai  to  Hi]  El  to  At]  Et  to  Zi,  Xt  and  Li;  Yi  and  Yt  to  Lt 
and  H2.  Answer  the  questions  of  Prob.  25,  assuming  the  same  core 
flux.    Does  this  connection  make  the  best  use  of  materials? 

Prob.  27-4.  An  autotransformer  is  designed  economically  to 
take  10  kv-a.  from  2200-volt  mains  and  deliver  it  at  a  pressure 
10  per  cent  higher.  If  the  "  low-tension  "  coil  were  to  be  cut 
apart  from  the  other  coil,  what  would  be  the  proper  rating  (volts 
and  kv-a.)  of  the  straight  transformer  so  formed? 

Prob.  2S-4.  A  person  standing  on  wet  earth  and  touching  the 
secondary  circuit  of  the  transformer  of  Prob.  24-4,  would  receive 
what  voltage  between  contacts,  under  the  following  conditions? 

Alls  connected  to  Hi;  EiioAz;  E2toHt;  JTitoZa;  FitoXiiFa 
toLs. 
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(a)  Hi  grounded;  hand  touching  Li. 

(b)  Hi  grounded;  hand  touching  I^. 

(c)  Ht  grounded;  hand  touching  Li. 

(d)  Ht  grounded;  hand  touching  Lt. 

Prob.  29-4.  A  person  standing  on  wet  earth  and  touching  the 
secondary  circuit  of  the  transformer  of  Prob.  24-4  would  receive  what 
voltage  between  contacts  when  the  transformer  is  used  as  an  auto- 
transformer  at  normal  flux  density  under  the  following  conditions? 

Alto  Hi;  Bi  to  At;  Bt  to  Xi  and  la;  Yi  to  X2;  Fi  to  I^  and  H2. 

(a)  Hi  grounded;  hand  touching  Li, 

(b)  Hi  grounded;  hand  touching  Ls. 

(c)  Ht  groimded;  hand  touching  Li. 
{d)  Ht  grounded;  hand  touching  Ls. 

Compare  these  results  from  the  autotransformer  arrangement 
with  the  corresponding  results  in  Prob.  28  for  the  ordinary  trans- 
farmer  arrangement,  noting  that  the  ratio  of  primary  to  secondary 
volts  is  nearly  the  same  in  both  cases;  and  on  this  basis  discuss 
relative  merits  of  the  two  arrangements  as  regards  the  personal 
safety  of  the  energy  consumer  and  the  fire  risk. 

66.  Transformers  for  Polyphase  Systems.  Under  this 
general  heading  we  must  distinguish  several  different  prob- 
lemSj  as  follows: 

(a)  Transformation  from  3  phases  at  a  given  voltage  into 
the  same  number  of  phases  at  some  other  voltage. 

(6)  Transformation  from  3  phases  at  a  given  voltage  into 
a  different  number  of  phases  at  the  same  voltage. 

(c)  Transformation  from  2  or  3  phases  at  a  given  voltage 

into  a  different  number  of  phases  at  a  different 
voltage. 

(d)  Polyphase   transforming  systems  which   cannot   be 

operated  in  parallel. 

(e)  Systems  in  which  all  phases  are  housed  in  a  single 

"polyphase  transformer"  as  distinguished  from 
polyphase  transforming  systems  consisting  of  aggre- 
gates of  separate  single-phase  transformers. 

Before  proceeding  to  connect  any  transformers  in  polyphase 
systems,  it  is  practically  necessary  to  determine  carefully  and 
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to  mark  according  to  a  fixed  conventional  system  (such 
as  prescribed  by  the  A.I.E.E.  Standardization  Rules)  the 
relative  polarity  of  the  high-tension  and  low-tension  coils 
belonging  to  each  of  the  phases.  Thereafter  the  interconnec- 
tions of  both  high-tension  and  low-tension  sides  are  com- 
paratively simple. 

66.  Transformer  Arrangements  for  Three  Phases.  In 
the  most  common  case,  three  separate,  but  similar,  single- 
phase  transformers  are  used  to  change  three-phase  at  one 
voltage  into  three-phase  at  another  voltage.  Four  distmct 
combinations  are  possible: 

(a)   High-tension   coils    F-connected;     low-tension    coils 

F-connected. 
(6)  High-tension  coils  F-connected;  low-tension  coils  A- 

connected. 
(c)   High-tension  coils  A-connected;   low-tension  coils  F- 

connected. 
id)   High-tension  coils  A-connected;   low-tension  coils  A- 

connected. 

Let  us  assume,  for  example,  that  the  highest  operating 
voltage  that  will  not  injure  the  insulation  of  the  transformer 
or  make  its  core  losses  excessive  is  12,000  volts  on  the  high- 
tension  coil  and  6000  volts  on  the  low-tension  coil  of  each  of 
the  three  distinct  single-phase  transformers  which  are  to  be 
grouped  together  in  a  three-phase  system,  as  indicated  above. 
Fig.  118  shows  the  phase  relations  among  all  of  the  coils. 
Thus,  the  e.m.f.  from  Xi  towards  Fi  (6000  volts)  is  in  phase 
with  the  e.m.f.  from  Ai  towards  Bi  (12,000  volts),  because 
both  of  these  coils  are  on  the  same  iron  core  in  transformer 
No.  1  or  phase  No.  1;  X2F2  and  ^42^2  are  correspondingly  in 
phase  with  each  other,  and  lagging  120°  behind  X\Yi  and 
AiBi]  XsFs  and  AzBz  are  correspondingly  in  phase  with  each 
other,  and  lagging  120°  l)ehind  A'^2F2  and  A2B2.  Note  that  in 
Figs.  118a  and  118b  no  connections  have  yet  been  made 
between  coils. 
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Fig.  118.  Vector  diagrams  showing  the  relations  between  the  high- 
tension  and  low-tension  sides  of  three  single-phase  transformers  con- 
nected independently  to  the  various  phases  of  a  three-phase  source  of 
supply.  The  vector  XiYi  represents  the  low-tension  e.m.f.  of  trans- 
former No.  1.  The  e.m.f.  of  the  high-tension  side  of  this  transformer 
is  represented  by  vector  AiBi. 


Fig.  119.  Diagram  of  the  YY  connection.  The  high-tension  termi- 
nals marked  A  are  joined  to  form  a  neutral,  and  the  corresponding 
low-tension  terminals  marked  X  are  joined  to  form  the  neutral  on  the 
low-tension  aide. 


234 


ALTERNATING-CURRENT  ELECTRICITY 


The  YY  connection  is  shown  in  Fig.  119,  while  Fig.  120a 
shows  the  e.m.f .  relations  in  the  high-tension  coils,  and  Fig. 
120b  shows  the  e.m.f.  relations  in  the  low-tension  coils.  No- 
tice that  in  the  vector  diagrams,  as  well  as  in  the  connection 
diagrams,  the  letters  indicate  or  identify  the  ends  of  coils  as 
well  as  the  relative  directions  of  e.m.f  .'s  or  the  polarity  of  coils. 


Fio.  120.    The  vector  diagramB  for  the  YY  connection  shown  in 

Fig.  119. 


From  Fig.  120  we  can  see  that  the  largest  permissible  operating 
voltages  between  line  wires  are  Vs  X  AiBi  =  Vs  X  12,000 
=  20,800  volts  high-tension  and  Vs  X  6000  =  10,400  volts 
low-tension.  The  high-tension  line  wires  are  H\HtHz\  the 
low-tension  mains  are  LiLtL^,  in  Fig.  119. 

The  Y  (high-tension)  A  (low-tension)  connections  are 
shown  in  Fig.  121,  while  Fig.  122  shows  the  corresponding 
e.m.f.  relations.  Using  the  same  transformers,  the  highest 
permissible  operating  voltage  between  line  wires  is  Vs  X 
12,000  =  20,800  volts  high-tension,  and  6000  volts  low- 
tension. 
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Pig.  121.  The  YA  connection. 
The  high-tendon  sides  are  con- 
nected Y  and  the  low-tension 
ddesy  A, 


Fig.  123.  The  AF  connection. 
The  high-tension  sides  are  con- 
nected A  and  the  low-tension, 
Y. 


Bi 


The  vector  diagrams  for  the  e.m.f.  relations  in  the  FA  con- 
nections of  Fig.  121. 
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Y, 


Fia.  124. 


The  vector  diagrams  for  the  AY  connection  shown  in 

Fig.  123. 


Fig.  125.    The  AA  connection. 


Fig.  126.    The  vector  diagrams  for  the  AA  connection  shown  in  F^.  125. 
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The  AY  connections  are  shown  in  Fig.  123,  and  Fig.  124 
shows  the  corresponding  e.m.f.  relations.  With  the  same 
transformers,  the  highest  permissible  operating  yoltage_be- 
tween  line  wires  is  12,000  volts  high-tension  and  Vs  X 
6000  =  10,400  volts  low-tension. 

The  AA  connections  are  shown  in  Fig.  125,  and  Fig.  126 
shows  the  corresponding  e.m.f.  relations.  With  the  same 
transformers,  the  highest  permissible  operating  voltage  be- 
tween line  wires  is  12,000  volts  high-tension,  and  6000  volts 
low-tension. 

Prob.  30-4.  (a)  What  should  be  the  rated  high-tension  and 
low-tension  voltage,  and  the  voltage  ratio,  in  each  of  three  single- 
phase  transformers  intended  to  take  power  from  a  three-phase  line 
with  23,000  volts  between  wires,  and  deliver  it  to  three-phase  low- 
tension  mains  with  2300  volts  between  wires?  Transformers  are 
connected  YA. 

(6)  If  500  kv-a.  are  to  be  delivered  altogether,  what  will  be  the 
current  in  each  line  wire  and  each  transformer  coil  on  the  high- 
tension  side? 

(c)  On  the  low-tension  side? 

Prob.  81-4.  Answer  the  questions  of  Prob.  30  on  the  basis  of 
same  conditions,  except  that  transformers  are  connected  AY. 

Prob.  83-4.  Answer  the  questions  of  Prob.  30  on  the  basis  of 
the  same  conditions  except  that  transformers  are  connected  YY. 

Prob.  88-4.  Answer  the  questions  of  Prob.  30  on  the  basis  of 
same  conditions,  except  that  transformers  are  connected  AA. 

67.  Transforming  Three  Phases  to  Six  Phases.    The 

three-phase  three-wire  system  is  used,  almost  exclusively,  to 
transmit  large  amounts  of  power  by  alternating  currents. 
When  the  alternating  current  must  be  converted  into  direct- 
or continuous-current  by  means  of  synchronous  converters, 
however,  we  find  that  a  machine  of  given  size  and  cost  can 
convert  a  considerably  greater  amount  of  power  if  it  is  tapped 
for  six  phases  and  six  alternating-current  collecting  rings 
than  if  it  is  tapped  for  three  phases  and  three  rings.  In  fact, 
it  is  demonstrated  theoretically  in  Chapter  IX,  and  proved 


238  ALTERNATING-CURRENT  ELECTRICITY 

by  experience,  that  whereas  a  three-ring  (three-phase)  con- 
verter can  safely  deliver  134  per  cent  as  much  direct-current 
power  as  it  could  deliver  if  mechanically  driven  as  an  ordi- 
nary direct-current  generator,  the  same  machine  tapped  for 
six  phases  gives  a  corresponding  ratio  of  197  per  cent.  In 
other  words,  the  capacity  of  the  same  converter  is  increased 
in  the  ratio  197/134,  or  147  :  100,  by  tapping  it  for  six  phases 
instead  of  for  three  phases.  These  figures  are  based  upon  a 
power-factor  of  100  per  cent,  which  is  usuaUy  easily  main- 
tained by  adjustment  of  the  field  excitation  of  the  converter. 
Thus,  although  the  transmission  of  power  by  six  phases  and 
six  line  wires  is  nr.  t  practiced  because  of  the  complications  and. 
the  lack  of  economic  advantage,  there  exists  a  very  real  ad- 
vantage in  using  six  phases  within  the  converter  substation. 
Converters  are  most  commonly  employed  to  deliver  continu- 
ous current  at  about  600  volts  for  street  or  interurban  electric 
railways.  The  ratio  of  (effective)  alternating  voltage  be- 
tween adjacent  or  consecutive  collecting  rings,  to  the  voltage 
between  the  positive  and  the  negative  terminals  on  the  direct- 
current  side,  is  -tt^  for  the  three-ring  converter  and  -jt^  for 

the  six-ring  converter  (see  Art.  126).  Thus,  to  deliver  600 
volts  at  the  direct-current  terminals  we  should  impress  (0.612 
X  600)  or  367  volts  between  consecutive  rings  of  a  three- 
phase  converter,  and  212  volts  between  consecutive  rings  of  a 
six-phase  converter.  As  the  three-phase  transmission  line 
usually  operates  at  from  2300  to  23,000  volts  between  line 
wires,  we  must  use  regular  alternating-current  transformers 
to  step  down  the  pressure  of  the  alternating  current  before 
it  enters  the  converter.  Obviously  it  would  be  most  con- 
venient, if  possible,  to  arrange  the  transformer  connections 
so  as  to  change  the  number  of  phases  at  the  same  time  that 
we  change  the  pressure.  In  this  article  these  special  trans- 
former connections  are  discussed  from  the  viewpoint  of  the 
transformer.  For  a  discussion  of  the  same  subject  from  the 
converter  viewpoint  see  Art.  128. 
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The  fundamental  six-phase  groupings  are  star  and  mesh, 
corresponding  to  the  Y  and  A  groupings  for  three  phases. 
Thus,  in  Fig.  127,  the  vectors  1,  2,  3,  4,  5,  6  represent  six 
different  coils  connected  in  star.  The  inherent  phase  rela- 
tions between  the  e.m.f.'s  in  these  coils,  and  the  choice  of 
which  end  of  each  coil  is  to  be  connected  to  the  common 
neutral  point,  are  such  that  e.m.f.  No.  1  reaches  its  maxi- 
mum value  in  the  direction  away  from  N  (neutral)  just  W 
before  No.  2  reaches  its  maximum  value  in  the  direction  away 
from  iV;  No.  2  reaches  its  maximum  value  just  60^  before 
No.  3,  No.  3  just  60®  before  No.  4,  and  so  on,  the  e.m.f.'s  being 
all  equal  in  value  and  the  phase  differences  between  consecu- 
tive phases  or  coils  being  all  of  equal  value  and  progressively 
leading  or  lagging,  on  the  basis  of  similar  positive  direction 
with  respect  to  neutral.  From  the  six  coils  we  now  have 
seven  terminals,  of  which  one  (iV)  is  common  to  all  and  is 
called  "neutral''  because  it  exhibits  the  same  potential 
difference  with  respect  to  each  of  the  other  six  terminals. 
These  other  six  terminals  are  connected  to  the  six-phase  line 
wires  Li,  I^,  Ls,  L4,  Ls,  Le,  or  to  the  rings  of  the  S3mchronous 
converter,  in  proper  sequence.  The  e.m.f.  from  Li  to  Ls  is 
equal  in  value  to  the  e.m.f.  from  Ls  to  I^  and  lagging  60° 
behind  it;  the  e.m.f.  from  I^  to  L3  is  equal  in  value  to  the 
e.m.f.  from  L3  to  L4  and  lagging  60°  behind  it,  and  so  forth. 
Also,  the  e.m.f.  between  any  two  consecutive  line  wires,  as 
Inhi  or  Inlit^  is  equal  in  value  to  the  e.m.f.  between  any  line 
wire  and  neutral,  as  JVLi  or  iVLj.  If  vector  diagrams  be 
drawn  to  prove  these  statements,  it  should  be  remembered 
that  (for  instance)  the  e.m.f.  acting  from  L\  toward  In,  in  the 
external  circuit  is  represented  by  vector  No.  1  minus  vector 
No.  2,  or  by  vector  No.  1  plus  vector  No.  2  reversed;  or  that 
the  e.m.f .  acting  from  L\  toward  Ls  in  the  internal  circuit  of 
phases  is  represented  by  vector  No.  2  minus  vector  No.  1,  or 
by  vector  No.  2  plus  vector  No.  1  reversed.  Thus,  vector 
JVLe  represents  not  only  the  e.m.f.  in  coil  No.  6  but  also  the 
cm.f.  from  Za  toward  Lj  through  the  external  circuit,  and 
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vector  iVLi  represents  not  only  the  e.m.f.  in  coil  No.  1  but  also 
the  e.m.f .  from  L^  toward  Lt  through  the  external  circuit. 

The  typical  six-phase  mesh  connection  is  described  vec- 
torially  by  Fig.  128.  Thus,  with  respect  to  a  positive  direc- 
tion which  is  the  same  for  all  coils  through  the  closed  series 
in  which  they  are  connected,  the  e.m.f.  of  coil  No.  2  is  equal 
to  the  e.m.f.  of  coil  No.  1  and  leads  it  by  60®;  the  e.m.f.  of 
coil  No.  3  is  equal  to  that  of  coil  No.  2  and  leads  it  by  60°, 
and  so  on.  It  is  evident  that  the  e.m.f. 's  between  consecutive 
line  wires,  as  LiLs  or  LiLi,  being  identical  with  the  corre- 
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Fig.  127.  Vector  diagram  of  the 
e.m.f.  relations  in  a  six-phaae 
star  connection. 


Fio.  128.  Vector  diagram  of  the 
e.m.f.  relations  in  a  six-phase 
mesh  connection. 


sponding  e.m.f.'s  across  consecutive  coils,  as  No.  2  or  No.  3, 
bear  also  corresponding  relations  to  each  other,  as  r^ards 
both  value  and  phase. 

Regarding  Fig.  127  and  128,  we  note  that  e.m.f.'s  No.  1 
and  No.  4  reach  their  maximum  values  at  the  same  instant 
(though  in  opposite  directions  with  respect  to  the  common 
neutral  point  or  with  respect  to  the  common  positive  direction 
through  the  mesh).  In  reality,  therefore,  there  are  only  three 
different  phases  in  the  six-phase  system,  and  the  difference 
between  the  systems  is  merely  due  to  arrangement.  If,  as 
in  Fig.  129,  we  divide  each  of  three  phases  into  two  equal 
parts  and  distinguish  by  corresponding  letters  the  terminals 
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having  similar  relative  polarity,  we  shall  get  a  correct  six- 
phase  star  by  connecting  Xi,  Xz,  X^,  F4,  Fe,  1^2  all  to  neutral. 
Then  the  six  phases  of  the  external  circuit  will  be,  in  the 


Y,  X. 


Fig.  129.  Vector  diagram  for  the  low-tension  coils  of  three  transformers 
on  a  three-phase  circuiti  each  coil  being  divided  into  two  equal 
parts. 

6\ 
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Fig.  130.  Fig.  131. 

Another  vector  representation  of  the  e.m.f .  relations  in  a  six-phase  star, 
produced  by  the  coil  arrangement  of  Fig.  129. 

order  given,  from  Yi  to  X2,  from  X2  to  Y3,  from  Fj  to  Xa, 
from  Xi  to  Fs,  from  Fs  to  Xe,  and  from  Xc  to  Fi. 

Perhaps  this  result  is  more  clearly  explained  in  Fig.  130 
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and  131.  Connecting  Xi  to  Xs  to  Xs  to  neutral,  the  e.m.f. 
relations  are  as  represented  by  vectors  1,  3  and  5  in  Fig.  130. 
Now  as  coil  No.  4  is  on  the  same  transformer  core  with  coil 
No.  1,  the  e.m.f.  from  Xa  toward  Yi  is  represented  by  the 
same  identical  vector  which  represents  the  e.m.f.  from  Xi 
toward  Fi;  the  e.m.f.  Xt  to  F«  and  the  e.m.f.  Xt  to  Fj  are 
represented  by  the  same  vector,  and  so  on.  But  if  the  e.m.f. 
Xi  to  Yi  is  represented,  as  in  Fig.  131,  by  the  vector  4' 
parallel  to  vector  1  of  Fig.  130,  it  follows  that  the  e.m.f.  from 
Yi  toward  Xi  is  represented,  as  in  Fig.  131,  by  the  vector  4 

which  is  equal  and  opposite  to  vector 
4'.  That  is,  if  e.m.f.  Xi  to  Yi  reaches 
its  maximum  value  at  the  same  in- 
stant as  e.m.f.  Xi  to  Fi,  then  e.m.f. 
Yi  to  Xi  reaches][its  maximum  value 
180®  before  or  after  e.m.f.  Xi  to  Fi. 
Therefore,  when  we  connect  Yi,  Y^ 
and  Fe  to  the  same  neutral  as  Xi,  X9 
and  Xij  it  is  as  though  we  drew  the 

Fig.  132.  If  aU  the  Z  "^^^^^  ^'  ^  *^^  ^  of  Fig.  131  between 
terminals  of  the  trans-  the  vectors  1,  3  and  5  of  Fig.  130, 
former  coils  of  Fig.  129  making  a  diagram  like  Fig.  127. 
were  connected  to  neu-  That  is,  with  respect  to  positive 
tral,  only  a  three-phase  directions  which  are  in  all  cases 
arrangement  would  re-,  xi.  xji?  .1 

g^^  chosen  to  be  outward  from  neutral 

(Xi  to  Fi,  Yi  to  X2,  Xz  to  F,,  Yi  to 
Xi,  Xi  to  Fs,  Fe  to  Xe)  these  e.m.f.'s  are  consecutively  60® 
apart  in  the  order  named^  If  we  had  connected  all  X 
terminals  to  neutral,  the  e.m.f.  relations  would  have  been 
as  described  by  Fig.  132,  which  tells  us  that  the  line  e.m.f.'s 
Fi  to  F4,  Fa  to  Fe,  and  Ft  to  Fs  would  all  be  equal  to  zero, 
and  we  could  distinguish  only  three  instead  of  six  line 
e.m.f.'s. 

Fig.  133  shows  the  transformer  connections  corresponding 
to  Fig.  127,  or  to  Fig.  130  and  131.  There  are  three  distinct 
transformers,  each  having  two  low-tension  coils.    The  six- 
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phase  low-tension  line  e.m.f.'s  Li  to  Lty  In  to  Li,  Li  to  Li, 
La  to  L»,  L»  to  La  and  I«  to  Li  are  equal  to  each  other  in  value, 
and  each  lags  behind  the  preceding  one  by  60^. 

Fig.  134  shows  the  transformer  connections  corresponding 
to  Fig.  128,  namely  the  six-phase  mesh.  We  first  select  one 
coil  of  each  transformer  and  mark  it  1,  3,  5,  respectively. 
The  other  coil  of  each  transformer  we  mark  4,  6,  2,  respec- 
tively, in  accordance  with 
the  preceding  vector  dia- 
grams. Let  the  relative 
polarity  of  the  two  low- 
tension  coils  in  each  trans- 
former be  denoted  in  the 
conventional  manner  by 
letters  X  and  F,  and  let 
us  consider  the  direction 
from  X  toward  Y  as  the 
positive  direction  in  each 
coil.  Starting  at  Xi  or  S, 
and  tracing  our  way  con- 
tinuously through  the 
series  of  coils,  we  pass 
consecutively  through  coil 
No.  1  positively,  No.  2 
negatively,  No.  3  posi- 
tively, No.  4  negatively. 
No.  5  positively,  and  No.  6  negatively.  We  have,  therefore, 
obeyed  the  injunctions  of  Fig.  128  by  passing  through  coils  1, 
3  and  ^in  direction  parallel  to  the  corresponding  vectors  in 
Fig.  129,  and  intermediately  through  coils  2, 4  and  6,  in  direc- 
tion opposite  to  the  corresponding  vectors  in  Fig.  129.  If  we 
have  made  no  errors  we  will  find  that  the  e.m.f.  between 
the  finishing  end  of  the  series  (marked  Xe  or  F  in  Fig.  134) 
and  the  starting  end  (marked  Xi  or  S)  is  zero,  and  we  may 
therefore  with  safety  connect  X^  to  Xi,  or  F  to  S,  thus  com- 
pleting the  closed  mesh.     The  junction  points  FiFs,  X^Xs, 
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Fig.  133.  Transformer  connections  to 
produce  the  e.m.f.  effects  of  Fig.  127, 
130  and  131.    Six-phase  star. 
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YiYi,  XiXi,  Y^Y^  and  XtXi  are  connected  to  the  six-phase 
line  wires  Li,  Ls,  L^,  L4,  Ls  and  Ls,  respectively. 

If  any  appreciable  voltage  exists  between  the  terminals 
F  and  S  in  Fig.  134,  they  should  not  be  connected  together, 
because  then  this  voltage  would  cause  a  current  to  circulate 
in  the  mesh  even  when  no  load  is  connected  externally,  which 


Fig.  134. 


Transformer  connections  for  producing  the  six-phase  mesh 
effect  shown  in  Fig.  128. 


would  at  least  reduce  seriously  the  load  capacity  of  the  trans- 
formers and  might  injure  them.  Such  resultant  voltage  may 
be  due  to  unequal  ratios  in  the  transformers,  or  to  irregular 
wave-forms  in  the  various  coils  even  if  the  effective  voltages 
are  equal.  However,  if  no  voltage  exists  between  the  ter- 
minals F  and  S,  it  does  not  necessarily  prove  that  uie  con- 
nections are  correct  or  that  a  six-phase  system  may  be 
obtained  from  the  mesh  even  though  it  is  safe  to  complete 
the  mesh.  Thus,  Fig.  135  and  136  both  show  safe  series 
connections  between  these  same  six  coils  (which,  if  joined  in 
proper  polarity  and  sequence,  would  give  a  correct  six-phase 
system).  It  is  manifestly  impossible  to  get  six  phases  or 
e.m.f.'s  equal  in  value  and  60®  apart  between  consecutive 
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pairs  of  secondary  mains  connected  to  the  junction  points  of 
coils  in  Fig.  135  and  136,  regardless  of  bow  we  number  these 
mains  or  junction  points;  yet  the  resultant  e.m.f .  between  F 
and  S  is  zero  in  both  cases.  In  checking  six-phase  connec- 
tions, we  should  find  that  the  e.m.f.  from  any  terminal  to 
another,  removed  by  one,  should  be  equal  to  ^3  times  the 


r^ 


Fig.  135.  Fio.  136. 

Vector  diagrams  to  show  that  the  transformer  coils  of  Fig.  133  and  134 
can  be  so  connected  as  to  produce  zero  voltage  between  S  and  F  and 
still  not  produce  a  six-phase  mesh  connection. 

e.m.f.  between  consecutive  terminals;  and  the  e.m.f.  from 
any  terminal  to  another,  removed  by  two,  should  be  equal  to 
2  times  the  e.m.f.  between  consecutive  terminals. 

Fig.  137  shows  transformer  secondaries  connected  in  six- 
phase  star  to  the  collecting  rings  of  a  six-phase  two-pole 
synchronous  converter,  these  rings  being  tapped  to  the  closed 
armature  winding  at  Li,  Lg,  L3,  L4,  Lg,  Le.  This  six-phase 
star  is  exactly  equivalent  to  that  shown  in  Fig.  133  and  127, 
and  differs  only  in  that  each  numbered  vector  of  Fig.  127  or 
each  coil  e.m.f.  in  Fig.  133  has  been  thrown  into  exactly 
opposite  phase  relation  with  respect  to  neutral.  If  we  break 
the  (dotted)  neutral  connection  in  Fig.  137  it  will  make  no 
difference  in  the  operation  of  the  system.  We  shall  then 
have  three  equal  e.m.f. 's  (F2  to  X5,  Fe  to  Xs,  F4  to  Xi)  each 
lagging  120**  behind  the  one  preceding,  impressed  across  three 
corresponding  pairs  of  rings  or  taps  (L^Ls,  LJLz,  LJju  re- 
spectively) on  the  converter.  It  should  be  clear,  from  Chap. 
VII  of  the  First  Course,  that  the  e.m.f. 's  induced  in  the  con- 
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verter  winding  from  Ls  to  L^j  from  LttoLi  and  from  L4  to  la 
are  equal  in  value  and  120^  apart  consecutively  with  respect 
to  these  positive  directions.  The  system  of  Kg.  137,  without 
the  neutral,  is  known  as  the  '^  diametral  connection." 

It  is  necessary  to  note  that  the  stability  of  the  diametral 
six-phase  (like  Fig.  137  with  neutral  connection  broken)  is 


Fig.  137.  The  six-phase  star  connection  used  to  operate  a  six-phase 
converter.  When  no  connection  is  made  to  neutral,  this  arrangement 
is  called  the  "diametral''  or  diametrical  connection. 


due  entirely  to  the  six-phase  converter  to  which  it  is  con- 
nected. The  e.m.f.'s  L1L2  and  LiLz  induced  in  the  convwter 
winding  act  as  links  to  keep  the  Lz  end  of  vector  LsLs  in  its 
proper  position  with  respect  to  Li  and  La.  Thus,  it  can  be 
readily  seen  that  if  all  connections  between  transformers  and 
collecting  rings  were  broken,  there  would  only  be  three 
e.m.f.'s  (120®  apart)  obtainable,  namely  FjXs,  Y^t  and 
YiXif  because  these  three  coils  are  insulated  from  each  other. 
Only  when  these  e.m.f.'s  are  held  in  a  certain  relation  with 
respect  to  each  other  by  some  additional  means,  like  the 
converter  itself  or  the  neutral  connection,  do  we  have  six- 
phase  from  them. 

The  diametral  is  one  of  the  two  most  common  six-phase 
connections,  the  other  being  the  double-delta  shown  in  Fig. 
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138a.  Study  of  the  vector  diagram  in  Fig.  .138b  should 
explain  the  system.  Notice  that  the  six  phases  (la  to  Lt,  L% 
to  Lzy  Lz  U}  Liy  etc.)  are  obtained  on  account  of  a  certain 
relative  position  of  two  three-phase  deltas  (FiXs  to  YzX^  to 
YtXi,  and  X2F4  to  XaY^  to  XtY^).  This  relative  position  b 
maintained  by  reason  of  the  e.m.f.'s  induced  in  the  converter 
windings,  acting  as  links  of  certain  length  and  angular  rela- 
tion to  keep  the  apices  of  the  two  deltas  in  proper  relation  to 


{a)  (h) 

Fio.  138.     The  double-delta  connection  of  three  transformers  for  use 

with  a  six-ring  converter. 

each  other.  In  Fig.  138b  notice  that  vector  XiYi  is  equal  to 
vector  XiYi  and  in  phase  with  it  as  it  should  be  on  account 
of  the  symmetry  of  the  two  similar  portions  of  armature 
winding  subtended  by  these  two  vectors  under  opposite  poles 
of  the  converter.  So  it  is  also  with  vectors  XsFg  and  X2F2, 
and  with  vectors  X^Y^  and  XzYz. 

Thus,  if  we  pick  out  coils  1,  3  and  5  to  form  one  three-phase 
delta  (joining  Yi  to  X3,  Fa  to  X^y  and  Y^  to  Xi,  as  described 
in  Art.  5d),  it  follows  that  coils  2, 4  and  6  must  form  the  other 
delta.  Now  we  might  connect  F4  to  Xc,  Fe  to  X2  and  F2  to 
X4,  but  this  would  give  us  a  delta  practically  identical  with 
that  composed  of  transformer  coils  1, 3  and  5  and  we  could  get 
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only  three  phases,  not  six.  So  we  have  connected  coils  2,  4 
and  6  in  the  only  other  way  which  will  permit  a  closed  delta, 
and  it  is  seen  that  this  arrangement  gives  us  six  phases  if  the 
apices  of  the  delta  are  held  in  proper  relative  position. 

It  would  be  impossible  to  get  six  phases  before  connecting 
both  deltas  to  the  converter,  because  they  are  otherwise 


Vix 


.^' 


B 


Fig.  139.     Diagram  showing  the  e.m.f.'s  produced  by  incorrect  con- 
nections in  an  attempt  to  produce  a  double-delta  arrangement. 

electrically  insulated  from  each  other.  We  may  connect 
delta  1,  3,  5  to  any  three  alternate  rings  as  Li,  Z/|,  Lj.  This 
done,  there  is  only  one  proper  way  to  connect  the  other  delta 
to  the  remaining  three  rings,  as  shown  in  Fig.  138tf.  Thus, 
if  we  were  to  connect  the  X^Y^  terminal  instead  of  the  X2F4 
terminal  to  ring  L2,  we  should  have  the  e.m.f.  relations 
illustrated  by  vector  triangles  A  and  C  in  Fig.  139.     If  we 
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were  to  connect  the  XiYt  terminal  instead  of  the  XiYi  ter- 
minal to  L%y  we  should  have  relations  as  shown  between 
triangles  B  and  C  in  Fig.  139.  In  neither  of  these  latter 
cases  would  there  be  zero  e.m.f .  from  either  of  the  rings  L4  or 
L«  to  any  of  the  transformer  points  X^Y^,  X^Y^  or  X^Y^, 
hence  a  short-circuit  would  be  formed  if  we  attempted  to 
complete  the  six-phase  connections  to  the  converter. 

IfOTB.  In  solTing  tiie  following  problems,  assume  the  reUtioiis  be- 
tween effective  values  of  alternating  ejn.f.  between  collecting  rings  on 
the  converter  to  be  as  follows  (referring  to  Fig.  137  or  138) : 

Volts  LiLs :  volts  LiLi :  volts  L1L4 :  volts  between  d-c.  terminals  = 
86.4  :  61.8  :  70.7 :  100.     (See  Art  126.) 

Prob.  34-4.  What  should  be  the  voltage  across  each  high- 
tension  coil  and  each  low-tension  coil  in  a  bank  of  three  single-phase 
transformers  connected  in  7  to  a  23,000-volt  high-tension  line, 
secondaries  star  as  in  Fig.  133  and  127  to  a  six-ring  converter  in- 
tended to  deliver  500  volts  d-c,  at  zero  load? 

Prob.  31ML  Solve  Prob.  34  with  secondaries  connected  in  mesh 
as  illustrated  by  Fig.  128  and  134. 

Prob.  36-4.  Specify  what  connections  to  make  between  the 
secondary  coils  of  the  transformers  in  Fig.  133  and  134,  in  order  to 
realize  the  vector  relations  shown  in  Fig.  135. 

Prob.  37-4.  Solve  Prob.  36  but  with  reference  to  the  vector 
diagram  of  Fig.  136. 

Prob.  88-4.  Draw  the  vector  diagram  corresponding  to  the 
following  connections  between  secondaries  of  the  transformers  of 
Fig.  133  or  134:  Fi  to  Fj,  X,  to  Z,,  F,  to  Fc,  Xt  to  X»,  Fb  to  F4. 
Calculate  the  ratio  of  the  voltage  between  Fi  and  each  of  the  junc- 
tion points  in  the  series,  to  the  voltage  across  a  single  coil. 

58.  Transforming  Two-Phase  to  Three-Phase.  There 
have  been  numerous  occasions  to  notice  that  when  two  coils 
having  e.m.f/s  that  differ  in  phase  are  joined  in  series,  the 
resultant  e.ra.f.  between  the  terminals  of  the  series  differs  in 
phase  from  both  of  the  component  e.m.f. 's.  This  fact  is  the 
basis  of  the  T-connection  for  transforming  two-phase  to 
three-phase,  commonly  called  the  Scott  system  in  recognition 
of  its  inventor. 
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In  Fig.  140;  the  coil  ab  represents  an  autotransformer  or 
the  secondary  of  an  ordinary  transformer,  with  a  tap  c 
brought  out  from  its  mid-point.  The  coil  cd  represents 
another  transformer  secondary  or  autotransformer,  with  one 
end  connected  to  the  mid-point  c  of  the  other  transformer, 
and  a  tap  brought  out  at  6  so  as  to  include  between  c  and  e  a 
number  of  turns  equal  to  86.6  per  cent  of  the  total  number 
of  turns  between  c  and  d.  If  now  we  impress  one  phase  of 
a  two-phase  system  across  ab  and  the  other  phase  across  cdy 
we  shall  have  a  correct  three-phase  system  between  the 


Fio.  140.  The  arrangement  of  a  Scott  transformer  for  transformation 
from  two-phase  to  three-phase.  Between  c  and  e  there  are  86.6  per 
cent  of  the  turns  between  c  and  d. 

points  a,  b  and  e.  That  is,  if  the  e.m.f .  a  to  b  is  equal  to  the 
e.m.f.  c  to  d  and  90®  behind  it,  then  the  e.m.f. 's  a  to  6,  6  to  e 
and  6  to  a  are  equal  to  each  other  and  120®  apart  consecutively 
with  respect  to  positive  directions  as  stated  (a  to  6  to  c). 

The  e.m.f.  relations  of  the  Scott  system  are  shown  in  Fig. 
141  and  142  wherein  the  vectors  represent  the  e.m.f.'s  in 
the  coils,  or  parts  of  coils,  which  are  lettered  correspond- 
ingly in  Fig.  140.  Let  us  assume  that  these  vectors  represent 
the  e.m.f  .'s  which  act  internally  through  the  coils  between  the 
points  lettered  like  the  ends  of  the  vectors.  Now  the  e.m.f . 
acting  through  the  external  circuit  from  a  toward  b  is  the 
same  as  the  e.m.f.  acting  internally  from  b  toward  a,  which 
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is  the  reverse  of  vector  ab  in  Fig.  141,  as  shown  in  Fig.  142. 
This  gives  us  vector  Oils.  The  e.m.f .  acting  through  the  ex- 
ternal circuit  from  b  toward  e  is  equal  to  the  resultant  of  the 
e.m.f /s  acting  internally  from  e  to  c  and  from  c  to  6,  which  is 
the  vector  sum  of  ce  reversed  and  cb  direct  from  Fig.  141. 
This  gives  us  the  vector  OB9  in  Fig.  142.  Finally,  the  e.m.f. 
acting  through  the  external  circuit  from  e  toward  a  is  equal  to 
the  resultant  of  the  e.m.f.'s  acting  internally  from  a  to  c  and 


1 


d 
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A,-*- 
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Fig.  141.  Vectors  of  in-  Fig.  142.  Vectors  showing  how  the  in- 
ternal e.m.f.'8  of  the  Scott  temal  e.m.f. 's  of  Fig.  140  and  141  corn- 
connection  shown  in  Fig.  bine  to  produce  the  external  three-phase 
140.  e.m.f. 's  (6  to  e),  (e  to  a)  and  (a  to  6). 


from  c  to  c,  which  is  the  vector  sum  ac  direct  and  ce  direct 
from  Fig.  141.  This  resultant  is  the  vector  OCg  in 
Fig.  142. 

Thus  the  e.m.f.'s  a  to  &,  6  to  6  and  e  to  a  in  the  external 
circuit  are  represented  respectively  by  the  vectors  OAz,  08% 
and  OCz  in  Fig.  142.  It  is  easily  proved  by  simple  trigonom- 
etry that  these  three  e.m.f. 's  will  be  equal  to  each  other  and 
120^  apart  (that  is,  line  wires  connected  to  terminals  a,  b  and 
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c  will  compose  a  three-phase  system)  if  the  following  oondi- 
tions  be  fulfilled: 

(a)  E.m.f .  a  to  c,  or  c  to  6,  equal  to  one-half  of  e.m.f.  a  to  6. 

(&)  E.in.f.  c  to  e  equal  to  V3/2  or  0.866  times  the  e.in.f .  c  to  d. 

(c)  E.in.f.  a  to  &  90®  out  of  phase  with  e.m.f.  cto  d^  and  equal  to  it. 

It  is  not  necessary  that  there  be  any  particular  relation 
between  the  number  of  turns  in  the  coils  ac  or  ab  and  the 
number  of  turns  in  the  coils  ce  or  cd  —  only  that  the  e.m.f. 
relations  within  each  of  the  two  phases  be  as  stated  above. 

id 


I 


OQ 


Fio.  143.    A  method  of  changing  from  two-phase  to  three-phase  at  dif- 
ferent voltage  by  autotransformers,  using  only  three  taps — e,  c  and/. 

It  will  be  seen  readily  that  a  scheme  similar  to  this  could  be 
applied  to  change  any  given  polyphase  system  into  some 
different  polyphase  system,  although  it  could  not  change  a 
single-phase  into  a  polyphase  system.  It  has  received  its 
principal  application,  however,  in  connecting  two-phase  sjrs- 
tems  to  three-phase  systems.  It  is  impossible  to  use  auto- 
transformers  for  the  Scott  connection  with  a  three-wire 
two-phase  system,  because  the  interconnection  of  the  two 
phases  short-circuits  one  of  the  coils  ac  or  cb.  We  may,  how- 
ever, use  ordinary  transformers  with  Scott  connection  be- 
tween their  secondaries. 
When   connections   are   as   in  Fig.   140,   141   and   142, 
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we  shall  have  the  same  voltage  between  line  wires  of  the 
three-phase  system  that  we  have  between  line  wires  of  the 
two-phase  system.  However,  we  may  easily  transform  from 
two-phase  at  one  voltage  to  three-phase  at  some  different 
voltage,  as  shown  in  the  following  example. 

Example  3.  The  coil  ab  in  Fig.  140  has  3000  turns,  and  the  coil 
cd  has  2400  turns.  The  e.m.f.'s  ab  and  cd  are  each  equal  to  6600 
volts  and  are  90^  out  of  phase  with  each  other.  How  should  taps 
c  and  e  be  located  with  respect  to  ab  and  cd  respectively,  in  order  to 
obtain  three-phase  with  2300  volts  between  any  two  line  wires? 
Where  should  the  three-phase  line  wires  be  connected  to  the  coils? 

There  are  two  solutions,  as  illustrated  by  Fig.  143  and  144,  in 
which  the  following  relations  hold: 


FIsureNo. 

Between 
pointe. 

Number  of  turns. 

Voltage. 

143 

a  to  6 

3000 

6600 

c  tod 

2400 

6600 

a  to/ 

2300 

2300 

a  toe 

iXl045.2»522.6 

1150 

c  to  e 

^"xSx2400=725.6 

V5 

^X2300=19d4 

/toe 

2300 

etoa 

2300 

144 

a  to  6 

3000 

6600 

c  tod 

2400 

6600 

giof 

^X3000=  1045.2 

2300 

g  to  c 
or  ctof 

iXl045.2-622.6 

1150 

c  toe 

fx^x2400-725.6 

^X2300-19d4 

/toe 

2300 

etog 

2300 
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Practically  the  only  difference  between  these  two  schemes  is  that 
Fig.  144  requires  four  taps  to  be  made  in  the  autotransformers  or 
transformer  secondaries,  whereas  Fig.  143  requires  only  three  taps 
to  be  made. 


Fig.  144.    This  method  requires  four  t^aps,  g,  c,  /  and  e,  to  aocomidish 

the  same  result  as  is  shown  in  Fig.  143. 

69.  Current  Relations  in  Tee-connected  Transformers. 

So  far  we  have  illustrated  the  application  of  the  Scott-con- 
nection to  autotransformers,  only.  In  Fig.  145a,  however, 
are  shown  two  ordinary  transformers  taking  power  from  a 
two-phase  line  and  delivering  three-phase  power.  For  sim- 
plicity, the  secondary  coils  and  connections  alone  are  shown 
in  Fig.  145b. 

Fig.  146  represents  the  e.m.f.  and  current  relations  for 
the  particular  case  of  balanced  load  at  unity  power-factor 
delivered  from  the  three-phase  terminals.  We  start  out  by 
drawing  the  three  vectors  /J,  /»',  and  /g",  representing  the 
currents  flowing  within  the  coils  from  b  toward  a,  from  e 
toward  h  and  from  a  toward  e,  respectively,  due  to  the 
e.m.f.'s  OAs,  OBz  and  OCz,  respectively  (of  Fig.  142),  acting 
upon  circuits  of  equal  resistance  and  zero  reactance.  Fig. 
145b  represents  the  positive  directions  of  the  internal  currents 
in  the  transformers  when  power  is  being  delivered  to  the 
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three-phajse  circuit.  Noting  from  Fig.  145b  that  the  internal 
current  from  c  toward  b  (in  direction  of  arrows  in  Fig.  141) 
is  equal  to  the  vector  difference  between  the  currents  (e  to  b) 

and  (b  to  a)  or  equal  to  the  vector  sum 
of  currents  (e  to  b)  and  (a  to  6),  we  re- 
verse li  in  Fig.  146  and  then  add  it  to 
/,',  thus  obtaining  h,  which  is  the  cur- 
rent flowing  internally  in  the  coil  con- 
nected  to   terminal  6.       By  similar 


Fio.  145a.  Two  trans- 
formers with  primaries 
connected  to  two- 
phase  line,  and  sec- 
ondaries tapped  and 
connected  according 
to  Scott  system  de- 
livering   three-phases 


I 

a 

h 

a 
t 


3 


d 


S 


C ^6 

Current  (b  to  a)  =»  li 


{AuBL  Cj).      This  Fi<J.  145b.     Positiye  directions  of  the  currents 

in  the  transformer  coils  of  Fig.  145a  as  power 
is  delivered  to  the  three-phai9e  line. 

Current  from  c  to  6  =  /i'  0  /{ 
Current  from  a  to  c  =»  /i"  ©  li 
Current  from  c  to  6  =  /i"  0  U' 


scheme  may  be  used 
with  a  three-wire  two- 
phase  line,  which  is 
mipossible  with  auto- 
transfonners. 


reasoning  we  find  /«  by  subtracting  (vectorially)  li  from 
li",  and  we  get  /.  by  subtracting  li'  (vectorially)  from  Is". 
If  our  reasoning  and  our  work  have  been  done  correctly,  we 
should  find  that  the  vector  sum  of  h  and  /«,  both  of  which 
have  positive  directions  away  from  the  junction  point  c, 
should  be  exactly  equal  to  the  vector  /<,,  which  has  positive 
direction  toward  c;  or,  the  vector  sum  of  /«  reversed,  and  h, 
and  /«,  as  in  Fig.  146,  should  be  equal  to  zero. 

It  is  to  be  noted  that  Fig.  146  applies  only  to  the  three- 
phase  side  of  two-coil  transformers.  To  apply  it  to  auto- 
transformers,  we  must  draw  in  the  vector  representing  the 
two-phase  component  of  current  in  each  coil,  and  combine  it 
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with  the  component  of  three-phase  current  in  the   same 
coil. 


Example  4.  What  transformer  capacity,  in  kv-a.,  would  be 
quired  to  transform  2300  volts  two-pluise  to  2300  volts  three-phase, 
delivering  a  balanced  non-inductive  load  of  300  kv-a.  from  the 
three-phase  terminals? 

Kv-a.  delivered  to  each  of  three  external  circuits  =  ^8^  =  100. 
In  Fig.  142,  OAz  =  OBt  =  OCi  =  2300  volts. 

t    T?z     ^Aa        II     111     nil     100,000  volt-amperes      .,  _ 

In  Fig.  146,      /; = /i' = /i"  =  —    ^3QQ^^^^  « 43.5  amperes. 


Fig.  146.    Vector  diagram  of  internal  currents  in  the  coils  of  Scott- 
connected  secondaries  of  two-coil  transformers  like  Fig.  145a. 

From  the  relations  developed  in  Fig.  146  we  see  that  under  the  above 
conditions, 

/„  =  /j  «  /.  =  Vs  /,  =  1.732  X  43.5  =  75.3  amperes. 

Each  of  the  two  transformers  must  therefore  have  a  capacity  of  75.3 
amperes  at  2300  volts,  or  173.2  kv-a.,  and  the  total  transformer 
capacity  required  is  2  X  173.2  equals  346.4  kv-a.,  in  order  to  deliver 
300  kv-a.  at  the  three-phase  terminals. 

It  is  to  be  noted  that  this  problem  applies  only  to  two-coil  trans- 
formers like  Fig.  145a;  it  does  not  apply  to  autotransformers  con- 
nected according  to  the  Scott  eystem,  as  in  Fig.  140,  143,  144. 
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If  the  power-factor  of  the  three-phase  circuit  becomes  less 
than  unity,  say  0.87,  while  the  load  remains  balanced,  it  does 
not  affect  the  transformer  capacity  required  for  a  given  kv-a. 
output.  The  effect  is  merely  that  the  vector  relations  of 
Fig.  146  remain  exactly  the  same  while  the  whole  diagram  of 
currents  shifts  around  so  that  the  currents  Ji,  /,'  and  li" 
make  angles  of  30**  (=  arc  cos  0.87)  with  the  respectively 
corresponding  e.m.f.  vectors  OAa,  OBz  and  OC^  of  Fig.  142. 

It  is  to  be  noticed  that  in  the  transformer  ab  (Fig.  141),  the 
part  ac  carries  a  current  leading  the  e.m.f .  in  this  part  by  30° 
(see  Fig.  146),  while  the  part  cb  carries  a  current  lagging 
behind  the  e.m.f.  in  this  part  by  30°.  This  not  only  has  the 
effect  to  require  total  transformer  capacity  in  excess  of  the 
actual  load  delivered,  as  shown  above,  but  also  affects  the 
voltage  regulation  of  the  transformers,  and  the  balance  of 
voltages  in  the  phases.  By  comparing  Fig.  146  with  Fig. 
142  we  see  that  the  phase  relation  of  current  to  e.m.f.  within 
the  coil  ce  is  exactly  the  same  as  the  phase  relation  of  It  to 
OBty  or  of  /i"  to  OCz'y  that  is,  when  the  external  load  is  non- 
inductive  the  current  in  ce  is  in  phase  with  the  e.m.f.  in  ce. 

Prob.  39-4.  If  the  tap  c  in  Example  3,  Fig.  143,  is  misplaced  so 
that  the  niunber  of  turns  from  a  to  c  is  572.6  instead  of  522.6,  all 
other  connections  being  correct  as  calculated,  what  will  be  the  values 
and  phase  relations  of  the  e.m.f  .'s  between  three-phase  terminals? 

Prob.  40-4.  If  the  tap  e  in  Example  3  is  misplaced  so  that  the 
number  of  turns  from  c  to  e  is  775.5  instead  of  725.5,  all  other  con- 
nections being  correct  as  calculated,  what  will  be  the  values  and 
phase  relations  of  the  e.m.f. 's  between  three-phase  terminals? 

Prob.  41-4.  We  desire  to  transform  from  two-phase  at  4400 
volts  to  three-phase  at  2200  volts  by  means  of  T-connected  auto- 
transformers,  as  in  Fig.  143.  The  design  of  the  iron  cores  is  such 
that  at  60  cycles  the  maximum  permissible  flux  density  gives  two 
volts  per  turn  in  the  windings.  Mark  the  required  number  of  turns 
on  all  parts  of  coils  in  a  connection  diagram  similar  to  Fig.  143. 

Prob.  42-4.  We  desire  to  transform  from  two-phase  at  4400  volts 
to  three-phase  at  6600  volts  by  means  of  T-connected  autotrans- 
formers,  as  in  Fig.  144.    The  design  of  the  iron  cores  is  such  that 
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at  60  cycles  the  maximum  permissible  flux  density  gives  5  volts  per 
turn  in  the  windings.  Mark  the  required  number  of  turns  on  all 
parts  of  coils  in  a  connection-diagram  similar  to  Fig.  144. 

Prob.  43-4.  Calculate  the  carrying  capacity  in  amperes  re- 
quired for  each  part  of  the  windmgs  in  Prob.  41,  to  deliver  200  kv-a. 
at  2200  volts  three-phase. 

Prob.  44-4.  Calculate  the  canying  capacity  in  amperes  re- 
quired for  each  part  of  the  windings  in  Prob.  42,  to  deliver  200  kv-a. 
at  6600  volts  three-phase. 

60.  Transformers  in  Open-Delta  Connection.  Current 
Relations.  If  we  have  three  transformers  connected  in 
delta  to  three-phase  lines  as  in  Fig.  125,  it  is  valuable  to 
know  that  one  of  these  transformers,  say  No.  3,  can  be 
removed  entirely  from  the  system,  giving  a  so-caUed  "open 
delta,"  without  interrupting  the  three-phase  service  on  the 
low-tension  mains  Li,  Z^,  L3.  That  is,  the  e.m.f.'s  Li  to  I/3, 
Ls  to  L3  and  L3  to  Li  remain  approximately  equal  to  each 
other  as  when  the  delta  was  complete,  and  approximately 
120°  apart  as  to  phase  in  the  sequence  indicated.  However, 
the  current  in  each  of  the  two  reniaining  transformers  is 
compelled  to  increase  to  a  value  Vs  times  as  great  as  the 
current  carried  by  each  of  three  transformers  in  closed  delta 
carrying  the  same  load. 

That  is,  if  a  balanced  load  of  300  kv-a.  were  being  drawn 
from  the  secondary  mains  Li,  Lj,  L3,  each  of  three  100-kv-a. 
transformers  being  fuUy  loaded  in  closed  delta  (Fig.  125),  the 
removal  of  one  of  the  transformers  would  cause  each  of  the 
remaining  two  to  carry  173  kv-a.  without  altering  the  total 
load  appreciably.  If  the  transformers  were  each  of  100-kv-*. 
rated  capacity  it  would  be  necessary  to  reduce  the  total  load 
from  300-kv-a.  to  (HJ)  times  300  kv-a.,  or  173  kv-^.,  if  we 
wished  to  avoid  overloading  the  transformers. 

If  we  wish  to  use  two  transformers  in  open  delta  to  supply 
this  balanced  300-kv-a.  three-phase  load  as  a  regular  operat- 
ing condition,  this  may  be  done,  provided  each  of  the  two 
transformers  has  a  rated  capacity  of  173  kv-a.    This  would 
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require  a  total  capacity  of  2  X  173,  or  346  kv-a.,  in  trans- 
formers to  carry  a  300-kv-a.  load,  for  which  300  kv-a.  of 
transformer  capacity  would  be  sufficient  if  the  closed  delta 
(three  transformers)  had  been  used.    That  is,  we  should  need 

two  equal  transformers  in  open  delta  each  of  ( -^  X  V^l  kv-a. 

(2  Vs    \ 
total  capacity  =     ^    KU  instead  of  three  equal 


Fig.  147.  The  open-delta  connection.  Note  the  tranflformer  Ti  is 
disconnected  and  that  the  other  two  are  canying  the  three-phajse 
load.    The  line  currents  are: 

/a  =  A  e  /i 

/*  =  /.  0  /i 

/c  -  /i  e  /. 

transformers  in  closed  delta  each  of  ^  K  kv-a.  capacity,  to 
cany  the  same  total  balanced  load  of  K  kv-a.  three-phase 
at  any  power-factor. 
In  Fig.  147,  transformer  Tt  ia  shown  disconnected  from  the 
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delta  of  Fig.  125,  leaving  the  open-delta  arrangement  of 
transformers  No.  1  and  No.  2.  Fig.  148  shows  the  e.m.f. 
XiYi  from  main  Li  toward  main  L%  in  the  external  circuit, 
added  vectorially  to  the  e.m.f.  X^Yi  from  main  Z^  toward 
main  L3,  giving  the  (dotted)  vector  X1Y2  as  representing  the 
e.m.f.  acting  in  the  external  circuit  from  Li  toward  Lz.  But 
the  convention  according  to  which  the  three  phases  are 

uniformly  120^  apart  is  that 
we  proceed  in  orderly  fashion 
from  main  to  main,  thus: 
La  to  Li,  L2  to  Lzf  L3  to  Lif 
as  indicated  by  the  arrows 
representing  positive  direc- 
tions for  currents  Ji,  h  and 
/a  in  Fig.  147.  The  third 
phase  will,  therefore,  be 
from  Lj  toward  la,  and  the 
Fig.  148.  Vector  diagram  of  the  ^.^.f.  acting  on  it  through 
e.m.f.  relations  m  Fig.  147.    The   ,,  .         i      •       -j.    • 

v  V  r   *k      ^t   the  external  cu'cmt   is   as 

vector  YtXi  represents  the  e.ni.f.  zi?  n  i- 

across  the  open-delte.  represented  by  the  (full  Ime) 

vector  YiXiy  in  Fig.  148, 
which  is  equal  and  opposite  to  the  e.m.f.  acting  externally 
from  Li  toward  Lz  as  represented  by  the  vector  X1Y2. 

In  Fig.  149,  we  have  assumed  currents  of  Ji,  h,  h  amperes, 
equal  in  value  and  of  the  same  power-factor,  to  be  flow- 
ing in  the  three  phases  of  the  external  circuit  with  positive 
directions  chosen  as  indicated  by  arrows  in  Fig.  147.  That 
is,  the  angle  between  the  current  7i  in  Fig.  149  and  the  e.m.f. 
XiYi  or  L1L2  in  Fig.  148  is  the  angle  whose  cosine  is  the 
power-factor  of  the  external  circuit  between  mains  Li  and 
Z/2,  and  so  on.  If  now  we  draw  arrows  in  the  same  (either) 
direction  on  mains  Li,Zi2,L3  of  Fig.  147,  to  represent  what  we 
shall  consider  to  be  positive  directions  of  current  therein,  we 
are  enabled  to  write  the  relations  of  I  a,  h,  Ic  in  the  mains 
to  the  load  currents  Ii,'h,  h.  This  is  merely  Kirchhoff's  law 
relating  to  currents  meeting  at  a  point,  applied  to  vector 
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summations,  instead  of  to  algebraic  summations  as  in  the  case 
of  direct  currents. 

Thus,  with  positive  directions  as  marked  in  Fig.  147,  /«  is 
equal  to  the  vector  difference  between  /i  and  /s,  or  equal  to 
the  vector  sum  of  /«  reversed  and  /i,  since  the  (vector)  sum 
of  all  currents  with  positive  directions  toward  a  junction 
point  must  be  equal  to  the  (vector)  sum  of  all  currents  with 
positive  directions  away  from  the  same  point.    Applying 


Fig.  149.    Vector  diagram  of  the  current  relations  in  Fig.  147,  aawiming 

a  balanced  load. 


this  relation  to  each  of  three  junction  points  of  a  main  with 
two  loads,  we  find  the  values  of  the  main  currents  /„,  hj  h  as 
in  Fig.  149.  Although  this  figure  relates  only  to  a  balanced 
load  of  unity  power-factor,  the  same  manipulations  of  vec- 
tors would  bring  correct  results  for  any  state  of  unbalance 
as  to  current  or  power-factor  among  the  three  loads. 

For  balanced  load  of  any  power-factor,  it  is  apparent  from 
Fig.  149  that:. 

/,  =  /,  =  /,  =  current  per  line  wire 

=  V3  X  current  per  phase  of  closed  delta. 

Then,  since  voltage  across  each  transformer  equals  voltage 
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across  each  load  circuit,  and  current  in  each  transformer  of 
open-delta  equals  line  current, 

Kv-a.  per  transformer  in  open  delta  =  Vs  X  kv-a.  per 
phase  of  three  phases. 

Prob.  46-4.  What  should  be  the  kv-a.  capacity  of  each  trans- 
former in  an  open  delta  to  carry  a  balanced  three-phase  load  whose 
total  value  is  120  kilowatts  at  80  per  cent  power-factor? 

Prob.  46-4,  Two  transformers  each  of  10  kv-a.  rated  capacity- 
are  connected  in  open  delta.  What  maximum  total  load  in  kilo- 
watts at  90  per  cent  power-factor,  balanced  among  three  phases,  can 
be  deUvered  allowing  25  per  cent  overload  on  transformers  during 
the  limited  period  of  peak  load?  Neglect  voltage  drop  in  trans- 
formers. 

Prob.  47-4.  Each  of  the  transformers  of  Prob.  46  has  equiva- 
lent resistance  of  0.5  per  cent,  impedance  of  4  per  cent,  and  ratio  of 
turns  10:1.  Low-tension  voltage  is  230  between  each  pair  of 
mains.    Calculate  voltage  across  each  pair  of  high-tension  Une  wires. 

Prob.  48-4.  The  loads  on  the  system  of  Fig.  147  using  trans- 
formers as  specified  in  Prob.  46  and  47  are  as  follows:  /i  is  2  kv-a. 
at  90  per  cent  power-factor,  h  is  6  kv-a.  at  90  per  cent  power-factor. 
How  many  kv-a.  at  90  per  cent  power-factor  may  be  taken  at  /s? 
In  this  problem  neglect  the  voltage  drops  within  the  transformers. 

Prob.  49-4.  Using  the  data  of  Prob.  47  under  the  conditions 
of  Prob.  48,  calculate  the  voltages  ^^1^2,  HJflt  and  HtHi  respec- 
tively, with  230  volts  across  each  load.  Assume  current  in  each 
transformer  same  as  in  Prob.  48. 

Prob.  6Q-4.  If  three  transformers,  like  those  specified  in  Prob. 
46  and  47,  were  connected  in  closed  delta  to  carry  the  load  speci- 
fied in  Prob.  48,  how  many  kilovolt-amperes  could  be  taken  at  I3? 
Power-factor  equals  90  per  cent  in  each  phase  of  the  load. 

61.  Parallel  Connection  of  Three-phase  Banks.  When 
we  desire  to  operate  in  parallel,  polyphase  transformers  or 
groups  of  transformers,  certain  conditions  must  be  fulfilled 
that  are  concisely  presented  in  the  following  paragraph  which 
we  quote  from  the  "American  Handbook  for  Electrical 
Engineers": 

"If  there  are  several  banks  of  transformers  in  the  same 
system  connected  in  parallel  on  one  side,  then  to  connect 
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the  other  sides  in  parallel  the  connections  must  be  such  that 
the  voltage  between  any  two  lines  on  this  side  will  have  the 
same  phase  in  aU  the  banks.  From  this  relation  result  the 
following  rules: 

(a)   With  YY  on  one  bank,  the  other  bank  must  be  YY 

or  AA. 
(6)   With  YA  on  one  bank,  the  other  bank  must  be  YA 

or  AY. 

(c)  With  AF  on  one  bank,  the  other  bank  must  be  AF 

or  FA. 

(d)  With  A  A  on  one  bank,  the  other  bank  must  be  A  A 

or  yy. 

Even  when  these  relations  are  satisfied  a  short-circuit  will 
result  unless  the  three  phases  of  each  bank  are  connected  in 
the  proper  sequence." 


Fio.  150.  The  vector  diagram  of  the  high-tension  side  of  a  bank  of 
F-oonnected  transformers.  The  A  ends  have  been  connected  to 
neutral.  The  vectors  Hu  Ht  and  Ht  represent  the  voltages  across  the 
high-tension  coils  of  the  transformer.  The  vectors  A,  B  and  C  repre- 
sent the  voltages  between  the  high-tension  line  wires. 

The  reasons  for  the  above  statements  should  appear  if  the 
vector  diagrams  of  Fig.  150  to  159  are  studied  carefully. 
The  relative  polarity  of  the  high-tension  and  the  low-tension 
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coils  in  each  phase  of  each  bank  of  transformers  is  assumed 
to  have  been  determined  and  marked  by  the  conventional 


ilJilf^Lv 


Fig.  151a.  The  vector  dia- 
gram for  the  low-tension 
star-connected  coils  of  the 
transformer  of  Fig.  150. 
The  X  terminals  are  con- 
nected to  neutral  and  the 
Y  terminals  to  the  low- 
tension  line  wires. 


FiQ.  151b.  The  low-ten- 
sion coils  of  a  y-oon- 
nected  transformer  bank, 
in  which  the  Y  ends  of 
the  coils  are  connected  to 
neutral,  and  the  X  ends 
to  the  low-tension  mains. 


(a) 


letters  AS,  XY  (see  Art.  49).    Fig.  150,  151  and  152  refer 
to  a  yy  bank;  Fig.  153  and  154  refer  to  a  FA  bank;  Fig. 

155,  156  and  157  refer  to  a 
AF  bank;  Fig.  158  and  159 
refer  to  a  AA  bank. 

From  Fig.  150  we  read 
that  the  high-tension  coils 
of  the  YY  bank  have  been 
connected  in  F,  the  A  ter- 
minals to  neutral  and  the  B 
terminals  to  the  line  wires 
Hiy  Hi,  Hi.    The  vectors  A , 

FiG.152.TheA.volti^esbetweenlow-  ^'  ?  represent  the   high- 

tension  mains  L,,  L,,  L,,  from  the  tension  e.m.f.  S  ^i  toward 

bank  of  transformers,  the  high-ten-  Hit  Hi  toward  Ht,  and  Ht 

sion  F-connected  coils  of  which  are  toward     ffi,     respectively, 

shown  in  Fig.  150.  j^  pjg    151^,  the  low-ten- 

sion  coils  are  connected  in  star,  with  X  terminals  to  neutral 
and  Y  terminals  to  the  low-tension  mains  Li,  Ls,  La.    The  veo- 


(b) 
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tors  Yi  to  F2,  Y2  to  Yt  and  Yz  to  Fi  represent  the  cor- 
responding e.m.f.'s  between  mains  Li,  Li  and  L3.  Fig. 
152a  represents  the  e.m.f.'s  acting  from  Yi  to  F3,  from  Yt 
to  Fj  and  from  Y2  to  Fi  (or  Li  to  is,  i/s  to  L»,  L»  to  Li) 
in  three  loads  connected  in  delta  to  the  low-tension  mains. 
Fig.  152b  shows  the  e.m.f.'s  acting  on  the  same  loads  but 
in  the  directions  from  Lz  to  Li,  from  Li  to  L2,  from  L3  to 
Ls.  Fig.  151b  represents  the  same  low-tension  coils  con- 
nected in  star,  but  with  the  F  terminals  to  neutral  and  X 


Fig.  153.  The  vector  diagram  of  the  high-tension  e.m.f.'s  in  the  F- 
oonnected  transformer  bank.  This  is  merely  Fig.  150  repeated  for 
convenience  in  comparing  the  relations  of  the  low-tension  e.m.f.'s. 

terminals  to  the  low-tension  mains  Li,  Z^,  Ls.  After  the 
manner  indicated  above,  Fig.  152c  represents  the  e.m.f.'s 
acting  from  Xi  to  X2,  from  Xi  to  Xz,  and  from  Xz  to  Xi  in  the 
delta  loads  connected  to  the  low-tension  mains,  while  Fig. 
152d  represents  the  e.m.f .'s  acting  from  Xi  to  Xj,  from  Xz  to 
Xt  and  from  Xs  to  Xi  in  the  same  delta-connected  loads. 
Notice  that  the  XiFi  e.m.f.  in  each  transformer  is  in  phase 
with  the  AiBi  e.m.f.,  and  so  forth. 

Similarly,  Fig.  154  represents  phase  relations  between  the 
cm.f.'s  acting  upon  three  loads  connected  in  delta  to  low- 
tension  mains  when  the  high-tension  coils  are  connected  in 
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F  as  in  Fig.  153  and  the  low-tension  coils  are  connected  in  A. 
Fig.  154a  and  154b  refer  to  the  same  connections  between 
coils,  but  to  different  direction  of  progress  around  the  delta 
(Fig.  154a  referring  to  the  direction  from  YiXt  to  Y%Kt  to 
FjZi,  while  Fig.  154b  refers  to  the  direction  from  YiXt  to 
Y^i  to  FaXs).  Fig.  154c  and  154d  refer  correspondingly  to 
the  two  different  directions  of  progress  around  the  delta  but 
with  the  alternative  scheme  of  interconnections  between  coils 
(that  is,  having  junction  points  XiFi,  XiFi,  XzYi,  which 

^     tft\       ^ 

5. 


Fig.  154.  The  possible  e.m.f.'a  be- 
tween low-tension  mains  Li,  Li,  Lt 
from  a  FA-oonnected  transformer 
bank,  of  which  the  high-tension 
K-connected  ooils  are  seen  in 
Fig.  153. 


Fia.  155.  The  e.m.f.  rela- 
tions in  the  high-tension 
ooils  when  the  transformer 
bank  is  connected  in  delta 
on  the  high-tension  side. 
Notice  that  corresponding 
line  voltages  A,  B,  C  in  Fig. 
153  and  155  are  in  phase. 


gives  us  zero  resultant  within  the  delta  just  as  well  as  the 
connection  of  Fig.  154a  and  154b). 

Fig.  157  illustrates  in  corresponding  fashion  the  delta 
e.m.f. 's  between  low-tension  mains  when  the  low-tension  coils 
are  connected  in  star  (as  in  Fig.  156a  and  156b)  and  the  high- 
tension  coils  in  delta  (as  in  Fig.  155).  Fig.  157a  and  157b 
refer  to  the  two  directions  of  progress  around  delta  loads 
connected  to  secondary  mains,  when  similar  coil-terminals 
(Xi,  Xa,  Xz)  are  connected  to  neutral  in  both  cases  as  in  Fig. 
156a.    Fig.  157c  and  157d  refer  to  the  corresponding  cases 
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when    Yi,    Yt   and    Yt  are  connected   to  neutral  as  in 
Fig.  156b. 

Again,  Fig.  159  illustrates  the  delta  e.m.f.'s  between  low- 
tension  mains  when  the  low-tension  coils  are  connected  in 


(a)  (6) 

Fig.  156.  The  vector  diagrams  of  the  e.m.f.'s  in  the  F-oonnected  low- 
tension  coils  corresponding  to  Fig.  155.  Notice  that  the  e.m.f.  XiYi 
in  Fig.  156  is  parallel  to  the  e.m.f.  AyBi  in  Fig.  155,  and  so  forth. 

delta,  while  the  high-tension  coils  are  also  in  delta  as  in 
Fig.  158.  Fig.  159a  and  159b  refer  to  the  two  directions  of 
progress  around  the  same  delta  formed  by  the  junction  points 
YiXi,  r^,,  TaXi  between 
low-tension  coils,  while 
Fig.  159c  and  159d  refer 
to  the  corresponding  cases 
for  the  other  delta  connec- 
tion of  low-tension  coils 
which  gives  j  unction  points 
YiXt,  Y^i,  YtXu 

Notice  that  in  all  con- 
nections of  high-tension 
coils,  represented  by  Fig.   FiQ.  157.    The  vector  diagrams  for  the 

150,  153, 155  and  158,  the      «™-f'«  between  low-tension  mains 
- ,      -  rr     ±  J       Li,Li,Li,  corresponding  to  Fig.  156. 

e.m.f.'s  from  Hi   toward         '       '         t^      ^ 
Ht   (vectors  A)    are    parallel    to  or  in  phase    with   one 
another,  the  e.m.f.'s  H^  toward  Hz  (vectors  B)  are  in  phase 
with  one  another,  and  the  e.m.f.'s  Hi  toward  Hi  (vectors  C) 
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are  in  phase  with  one  another.  This  is  necessarily  so  if  corre- 
sponding high-tension  coils  are  connected  in  parallel  between 
identical  line  wires.  The  voltage  rating  of  the  high-tension 
coils  and  the  low-tension  coils  of  each  transformer  must  of 
course  be  such  that  the  delta  voltages  between  low-tension 
mains  as  represented  by  the  sides  of  the  triangles  in  Fig.  152, 
154, 157  and  159  are  all  equal  to  one  another  when  the  delta 
voltages  Aj  B,  C  between  high-tension  line  wires  are  equal 
to  each  other  as  represented  in  Fig.  150,  153,  155  and  158. 


Fig.  158.  The  e.mi.  relar 
tions  in  the  high-tension 
coils  when  the  transformer 
bank  is  connected  in  delta 
on  the  high-tension  side. 
Fig.  155,  repeated. 


Fio.  159.  The  e.m.f.  relations  in  tke 
low-tension  deltarconnected  coils  of 
the  transformer  of  Fig.  156.  Com- 
pare with  Fig.  152  for  same  low- 
tension  relations  with  the  high- 
tension  coils  connected  in  star. 


Now  obviously  the  low-tension  mains  of  Fig.  152, 154,  157 
or  159  may  be  connected  in  parallel  whenever  it  is  possible 
to  superpose  the  corresponding  triangles  one  over  another 
without  turning  them  around.  Thus,  there  appear  to  be 
four  possible  parallel  combinations  of  the  A  A  connection 
(Fig.  159)  with  the  YY  connections  (Fig.  152);  but  none  are 
possible  between  either  A  A  or  YY  and  either  AF  or  FA,  on 
account  of  the  fixed  difference  of  angular  relation  between 
the  triangles.  There  also  appear  to  be  four  possible  parallel 
combinations  of  the  AY  connection  (Fig.  157)  with  the  TA 
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connection  (Fig.  154);  but  none  are  possible  between  either 
AY  or  YA  and  either  A  A  or  YY,  for  the  reason  already 
mentioned.  Examining  the  diagrams  more  closely,  we  find 
that  of  the  four  combinations  between  A  A  and  YY,  only  two 
are  really  different;  and  of  the  four  combinations  between 
AY  and  FA,  two  are  identical  with  the  other  two.  This 
leaves  four  really  different  combinations  in  all,  which  are 
specified  completely  in  Tables  IV  and  V  following.  It  is 
understood,  of  course,  that  these  tables  show  only  the  parallel 
connections  that  are  possible  between  banks  of  different 
grouping,  and  that  other  connections  are  possible  between 
banks  of  similar  grouping,  as  between  YY  and  FF,  between 
A  A  and  A  A,  between  A  7  and  AF,  or  between  FA  and  FA, 
provided  only  that  the  voltage  ratio,  polarity  and  sequence 
of  phases  of  the  two  banks  are  alike. 

NOTB.  In  the  following  problems  there  are  no  electrical  connections 
between  neutral  points. 

Prob.  51-4.  Parallel  connections  between  two  YY  banks  of 
transformers  which  have  the  same  ratio  and  characteristics  have 
progressed  thus  far:  In  first  bank,  Ai,  Ai,  Al  to  neutral;  B[to  Hi; 
Bi  to  Ht]  Bi  to  Hz;  Xi  Xi,  Xi  to  neutral;  F{  to  Za;  Yi  to  L^; 
Fs  to  Lj.  In  second  bank,  AJ',  Aj',  As  to  neutral;  Bi'  to  Hi; 
Bi'  to  H2;  Bi'  to  Ht;  X[\  Xi\  Xi'  to  neutral;  Yi'  to  U  Cal- 
culate as  percentages  of  low-tension  line  voltage  the  following 
e.m.f.'8:  (a)  Fi'  to  U;  (6)  Y'^'  to  L,;  (c)  Y'^'  to  L,;  (d)  Fi' 
toLt. 

Prob.  62^-4.  Incomplete  parallel  connections  between  the  YY 
banks  of  Prob.  51  are  as  follows:  On  high-tension  side,  both  banks 
connected  as  in  Prob.  51;  Xi,  X'^y  Xi  to  neutral;  FJ  to  L\;  Yi 
to  L»;  F{  to  L,;  F{',  Fi'  and  Y'^'  to  neutral;  and  X'^'  to  L2. 
Calculate  the  following  e.m.f .'s  as  percentages  of  the  e.m.f .  between 
low-tension  mains:  (a)  X'z  to  Li;  (6)  X't  to  Ls;  (c)  X"  to  L\; 
(d)  Xi'  to  L,. 

Prob.  5^1-4.  Two  YY  banks  of  transformers  are  connected  as 
in  Prob.  52  except  that  Xi'  connects  to  Lt.  Is  it  permissible  to 
connect  Xi'  to  Li?  If  so,  calculate  the  e.m.f .  X'l  to  Za  as  percentage 
of  the  e.m.f.  between  low-tension  mains. 

Prob.  54-4.  A  AA  bank  is  connected  to  high-tension  and  low- 
tension  mains  as  follows:  B1A2  to  H^;  B^Ai  to  Hz]  BzAi  to  Hi;  X'lYi 
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to  Li\  Xffi  to  In)  Xfft  to  Lt.  A  AF  bank  having  the  same  volt- 
age between  its  low-tension  terminals  is  partly  connected  to  the 
same  mains  as  follows:  high-tension  same  as  A  A  bank;  Xi\  X%\ 
Xi  to  neutral;  Yi'  to  Li.  Calculate  the  following  e.m.f.'s  as  per- 
centages of  the  e.m.f.  low-tension  mains:  (a)  Yi'  to  In;  (6)  Yi  to 
Lz;  (c)  yi' to  L2;  (d)  Fi'toL,. 

Prob.  65-4.  A  AA  bank  is  connected  as  in  Prob.  54,  and  a  AF 
bank  has  the  same  connections  on  the  high-tension  side.  On  the 
low-tension  side  of  this  AY  bank,  we  have  the  following  connec- 
tions: Yi,  Yi\  Yi'  to  neutral;  Xt  to  Za.  Calculate  the  following 
e.m.f. 's  as  percentages  of  the  e.m.f.  between  low-tension  mains: 
(a)  X{'  to  L,;  (6)  Xi'  to  L,;  (c)  Xi'  to  L,;  (d)  XJ'  to  L,. 

Prob.  66-4.  A  FA  bank  has  the  following  connections  on  the 
high-tension  side:  B'l,  Biy  Bi  to  neutral;  Ai  to  Hi\  Ai  to  Ht; 
Ai  to  Hz.  A  AF  bank  has  the  following  connections  on  the  high- 
tension  side:  Bi'Ai'  to  Hi;  BJ'Ai'  to  Ht;  Bi'Ai'  to  H,.  Specify 
connections  which  shall  place  the  low-tension  sides  of  these  banks 
properly  in  parallel  with  each  other,  the  ratios  of  the  transformers 
being  suitable  for  parallel  operation. 

62.  Three-phase  Transformers.  A  saving  of  approxi- 
mately 16  per  cent  in  the  amount  of  iron  required  per  kilo- 
volt-ampere  of  three-phase  power  transformed,  and  an 
increase  in  efficiency  of  from  0.15  to  0.40  per  cent,  as  well  as 
a  very  substantial  reduction  in  the  floor  space  required  per 
kilovolt-ampere  of  transformer  capacity,  may  be  accom- 
plished by  combining  parts  of  the  magnetic  circuits  of  three 
single-phase  transformers  so  as  to  form  a  single  structure 
known  as  a  "three-phase  transformer."  Three  types  are 
distinguished,  known  as  the  "core  type"  (Fig.  167),  the 
''shell  type"  (Fig.  163  and  165),  and  the  "hexagonal  type" 
(Fig.  160),  which  is  really  only  a  modification  of  the  shell 
type.  Any  comparisons  that  may  be  drawn  should  of  course 
be  between  a  single  three-phase  transformer  and  three  single- 
phase  transformers  having  the  same  total  kilovolt-ampere 
capacity. 

The  flux  relations  may  be  brought  out  most  clearly,  per- 
haps, by  considering  the  hexagonal  type  as  in  Fig.  160.  The 
flux  in  all  parts  of  the  core  will  vary  harmonically  because 
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the  e.m.f .  applied  to  the  primary  winding,  and  therefore  the 
counter  e.m.f.  induced  in  it  by  the  flux,  varies  harmonically. 
Consequently,  we  may  properly  represent  the  fluxes,  as  to 
both  value  and  phase  relations,  by  vectors  just  as  we  repre- 
sent harmonic  e.m.f. 's  and  currents.  In  Fig.  160,  0a>  0b>  <t>ey 
represent  the  fluxes  in  the  three  iron  cores  on  which  the  wind- 
ing of  the  individual  phases  are  placed,  while  0i,  0si  <h 


Fig.  160.    Diagram  showing  the  high-tension  windings  and  the  positive 
direction  of  the  fluxes  in  the  cores,  in  a  three-phase  transformer. 

^©^©01=0  06    =01©^ 

0a  ©  06  ©  0e  »  0  0c  »  0s  ©  0t 

0O    ™    06    '^    0c 

represent  the  corresponding  fluxes  in  the  yokes  connecting 
these  cores.  Only  the  primary  or  high-tension  windings  of 
the  three  phases  are  shown  in  Fig.  160.  Marking  the  coil 
terminals  in  such  manner  that  a  current  from  Ai  toward  Bi, 
or  from  At  toward  fij,  or  from  Az  toward  Bz  will  produce  a 
magnetic  flux  in  the  same  relative  direction  through  the  sev- 
eral cores  (i.e.,  either  all  towards  the  junction  of  cores  as  in 
Fig.  160,  or  all  away  from  the  junction),  we  connect  the  A 
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ends  of  the  coils  together  to  form  electrical  neutral  (N)  and 
connect  the  B  ends  to  line  wires  for  a  Y  primary,  or  we 
connect  as  in  Fig.  155  or  158  for  a  A  primary. 

Then,  as  the  e.m.f.'s  and  exciting  currents  are  equal  in 
value  and  differ  in  phase  consecutively  by  120°  with  respect 
to  positive  direction  from  N  toward  B,  it  follows  that  the 
fluxes  0a;  06  and  <t>c  will  be  equal  to  one  another  and  have 
corresponding  phase  differences  of  120°  when  aU  are  con- 
sidered with  respect  to  positive  directions  as  marked  by  the 
arrows  in  the  cores  of  Fig.  160.  Choosing  positive  directions 
as  in  Fig.  160  for  yoke  fluxes  0i,  02,  03,  we  are  enabled  to  write 
the  following  relations. 

From  symmetry  of  the  phases  and  of  the  construction: 

01  =  02  =  05 (1) 

From  phase  relation  of  e.m.f.'s  and  absence  of  coils  on 
yoke: 

01  0  02  ®  08  =  0 (2) 

From  relations  of  value  and  phase  of  e.m.f.'s  and  excit- 
ing currents  in  windings: 

0a  ©  0&  ®  0c  =  0 (3) 

0a    =   0ft   =   0c (4) 

From  consideration  of  flux  relations  at  junctures  of  cores 
with  yokes,  assuming  no  magnetic  leakage: 

0a   =  08  e   01 (5) 

^6  =  01  e  02 (6) 

0c   =   08  e  03 (7) 

According  to  the  convention  we  have  adopted  with  reference 
to  e.m.f.'s  and  currents,  ©  and  0  denote  addition  and  sub- 
traction of  vectors  whose  arithmetical  (maximum  instanta- 
neous) values  are  denoted  by  0. 

Fig.  161  is  drawn  in  accord  with  equations  (1)  to  (7). 
Starting  with  three  equal  vectors  0i,  02,  08,  120°  apart  (whose 
vector  sum  is  zero),  we  add  08  to  0i  reversed  and  obtain  ^a 
in  accordance  with  equation  (5),  and  so  on.     We  are  thus 
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informed  that  the  flux  in  each  core  is  equal  to  Vs  times  the 
flux  in  each  yoke,  or  that  the  maximnm  value  attained  by- 
flux  in  each  yoke  is  equal  to  -y»  or  0.577  times  the  mRYi'mMm 


Fio.  161.  Vector  diagram  showing  the  flux  relations  of  Fig.  160. 
All  fluxes  are  assumed  to  vary  harmonically,  thus  the  flux  in  the 
cores  (0a  or  ^  or  ^e)  is  equal  to  V3  times  the  flux  in  the  yoke  (^  or 
^  or  <h). 


value  of  flux  in  each  core.  That  is,  if  the  magnetic  circuit  is 
of  the  same  material  throughout  (as  is  usual,  with  stamped 
steel  laminations),  the  cross-section  area  of  the  yoke  should  be 
about  58  per  cent  of  the  cross-section 
area  of  the  core,  in  order  to  keep  within 
the  same  limiting  value  of  flux  density 
J^M.  Fig.  160  has  been  drawn  to  scale 
on  this  basis.  If  we  make  the  yokes 
of  smaller  section  they  will  overheat,  Fig.  162.  Diagram  of 
and  if  we  make  them  of  larger  section  a  single-phase  trans- 
we  shall  waste  material;  obviously,  former,  shell-type. 
we  could  not  know  the  correct  proportions  without  some  such 
analysis  as  the  preceding. 

Kg.  162  shows  a  shell-tjrpe  transformer,  and  Fig.   163 
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shows  three  such  transformers,  one  for  each  phase,  piled  up 
to  form  a  'Hhree-phase  transformer."  The  end  sections  of 
the  yoke  of  the  middle  transformer  may  be  saved,  as  shown 
in  Fig.  163,  if  we  are  careful  to  reverse  the  electrical  connec- 
tions of  this  phase  with  respect  to  the  other  two  phases. 

(The  arrow  on  the  winding  of  the 
middle  section,  Fig.163,  merely  shows 
the  positive  direction  through  the  coil ; 
note  that  the  coil  itself  is  reversed.) 
If  we  wind  and  connect  all  three  pri- 
mary coils  in  exactly  similar  manner, 
the  saving  of  iron,  though  real,  is  so 
much  reduced  as  to  be  hardly  appre- 
ciable, as  shown  in  comparison  by  Fig. 
165.  The  reasons  are  developed  in 
vector  diagrams  of  Fig.  164  and 
166. 
Consider  first  Fig.  165.  With  elec- 
FiG.  163.    Three  single-  trical  connections  as  shown,  the  excit- 

t  al'1^'S'°'!62  "'S  ^'^^^  ^^^  maximum  values  in 
S^ed  up  "to  form  a  d"^ction  from  A  toward  5,  or  from 
three-phase  trans-  neutral  toward  line  wires,  120  time- 
former  shell-type.  The  degrees  apart  consecutively.  This 
end  sections  of  the  causes  the  core  fluxes  0i,  08,  <^  to  reach 
mddle  transformer  can  ^j^^j^  respective  maximum  values,  in 
be  cut  out  and  still  the  ,.        .           ,            ,         ,                      Jrw^o 

flux  density  wiU  be  no  du^ctions  shown  by  the  arrows,  120 

greater  than   in   Fig.  apart.     Therefore,    in   Fig.    166,    we 

162.  draw  the  vectors  0i,  08,  08  (equal  in 

^  a  ^  s  0,  0  <^  value  as  phases  are  assumed  to  be  of 

06  =^  =  01008  equal  voltage)  120®  apart.    We  now 

07»^©*i=»04  00»      choose  positive  directions  for  the  yoke 

t!  =  l!ef**®^     fluxes  04,  05,  06,  07,  08.    On  the  hssm 

of  directions  as  chosen  in  Fig.  165, 
and  the  explanation  given  with  respect  to  Fig.  160,  we  may 
write  the  following  equations  for  building  the  vector  diagram 
of  Fig.  166: 
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0^^^    ! 


\^^^St 


04  =  01  =  06  ©  ^ 

06  =  08  =  05  ©  08 

05  =  06  ©  08  =  04  0  07 

07  =  01  ©  08  =  04  ©  06 

08  =  02  ©  03  =  05  ©  06 

Using  these  vectorial  relations  and  starting  with  0i,  02^  0s,  we 
find  from  Fig.  166  that  07  and  0s  are  each  equal  to  Vs  times 
the  core  flux.  That  is,  to  keep  within  the  same  limiting  value 
of  B«  or  0,»  for  the  entire  magnetic  circuit,  the  total  cross- 
section  area  of  the  yokes  which  carry 
ith  and  08  should  be  1.732  times  the 
area  of  the  cores  which  carry  <t>u 

0«j  08. 

As  the  yokes  on  the  two  sides  and 
ends  are  in  parallel,  we  find  that,  in 

Fig.  165, 2/1  should  be  a/3/2  or  0.87 
times  c,  and  y^  should  be  1/2  of  c. 
Fig.  166  is  drawn  so  as  to  indicate 
how  the  various  vector  relations 
stated  in  the  equations  may  be 
checked  or  verified. 

If  now  we  reverse  the  connections 
of  the  middle  phase  as  shown  in  Fig. 
163,  we  reverse  the  vector  02  as  seen 
by  comparing  Fig.  164  with  Fig.  166. 
out  of  phase  with  both  0i  and  08  with  respect  to  a  positive 
direction  which  is  opposite  to  their  positive  directions,  or  is  only 
60^  out  of  phase  with  both  0i  and  08  with  respect  to  a  common 
positive  direction  for  all  as  shown  by  arrows  in  Fig.  163  and 
165.  The  relations  between  chosen  positive  directions  being 
now  the  same  as  in  Fig.  165,  the  same  equations  hold  between 
vector  quantities,  and  we  proceed  to  manipulate  the  vectors 
01,  02,  08  of  Fig.  164  exactly  as  we  manipulated  the  corre- 
sponding vectors  in  Fig.  166.  We  find  now,  however,  that 
the  flux  in  every  yoke  is  the  same  as  in  every  core;  that  is,  in 


-^. 


FiQ.  164.  Vector  diagram 
for  the  flux  relations  in 
the  tiuDsformer  of  Fig. 
163. 

That  is,  02  is  now  120"* 
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Fig.  163  we  shall  have  the  same  value  of  £m  throughout  the 
core  if  the  dimension  y  in  all  parts  of  the  (divided)  yoke  is  equal 
to  one-half  the  dimension  c.  Fig.  164  is  drawn  so  as  to  show 
how  all  the  equations  may  be  checked.    The  arrangement  of 

Fig.  163  is  obviously  preferable  to  that 
of  Fig.  165  on  account  of  its  greater 
economy  of  iron. 

The  "core  type"  of  three-phase 
transformers  is  illustrated  in  Fig.  167. 
With  electrical  connections  of  primary- 
coils  and  with  chosen  positive  direc- 
tions as  shown  by  arrows  in  Fig.  167, 
the  fluxes  <t>u  <h>  <h  in  the  three  cores 
are  120°  apart  in  phase  as  shown  in 


Fig.  165.  A  three-phase 
shell-type  transformer 
with  the  coils  all  con- 
nected in  a  similar 
manner.  The  saving  in 
iron  over  three  single- 
phase  transformers  is 
slight.  Note  that  in 
Fig.  163  the  middle 
coil  is  reversed. 


Fig.  166.  Vector  diagram  of  the  flux 
relations  in  the  three-phase  shell-type 
transformer  shown  in  Fig.  165. 


Fig.  168.  The  vector  sum  0i  ®  02  0  0s  is  equal  to  zero, 
which  means  that  no  flux  is  forced  out  of  the  iron  into 
air,  but  that  at  every  instant  the  flux  downward  (negative) 
in  one  core  is  exactly  equal  to  the  arithmetical  sum 
of  fluxes  upward  (positive)  in  the  other  two  cores,  or  that 
with  zero  flux  in  one  core,  the  downward  (negative)  flux  in 
one  of  the  other  cores  is  exactly  equal  to  the  upward  (posi- 
tive) flux  in  the  third  core.  This  is  also  shown  in  Fig.  168, 
where  the  vector  sum  of  0i  and  03  is  exactly  equal  and 
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opposite  to  02,  the  vector  sum  of  02  and  03  is  exactly  equal 
and  opposite  to  0i  (or  04),  and  the  vector  sum  of  0i  and  02  is 
exactly  equal  and  opposite  to  03  (or  06).  We  see  also  hereby 
that  the  fluxes  04  or  06  in  the  yokes  are  exactly  equal  to  the 


Fig.  167.  The  core-type  three-phase  trans-  Fi^-  1^-  The  vector  dia- 
former.  The  cross-section  area  of  the  &^°^  for  the  flux  relations 
yoke  is  the  same  as  that  of  the  core.  ^    ^-he   core-type   three- 

phase  transformer  of  Fig. 
167. 


fluxes  01  or  02  or  08  in  the  cores,  which  means  that  the  cross- 
section  area  of  the  yoke  should  be  exactly  equal  to  the  area 
of  the  core. 

Prob.  57-4.  Draw  a  vector  diagram  to  represent  flux  relations 
that  would  result  from  reversing  the  connections  of  the  middle  coil 
in  Fig.  167,  and  state  in  words  what  you  interpret  your  diagram  to 
mean.  What  will  happen  to  the  exciting  current  and  to  the  value  of 
Byn  in  each  part  of  the  core  and  yoke,  for  the  same  voltage  between 
line  wires? 

Prob.  68-4.  In  the  Electric  Journal  of  May,  1913,  the  follow- 
ing statement  is  made:  "It  may  be  seen  that  by  increasing  the 
amount  of  copper  by  exactly  50  per  cent  and  the  amoimt  of  iron 
slightly  more  than  50  per  cent,  a  three-phase  transformer  is  obtained 
having  50  per  cent  greater  capacity  than  the  original  single-phase 
transformer."  Verify  or  disprove  these  statements  by  sketching  a 
single-phase  transformer  for  the  same  voltage  and  kv-a.  capacity 
as  two  phases  of  the  three-phase  transformer  of  Fig.  167,  and  making 
a  comparison. 
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Prob.  69-4.  Draw  a  vector  diagram  to  illustrate  the  result  of 
combining  two  harmonically  varying  and  equal  magnetic  fluxes 
120^  out  of  phase  in  opposite  directions  through  the  same  core. 
What  is  the  ratio  between  the  maximum  value  of  the  resultant  flux 
and  the  maximum  value  of  either  of  the  components? 

Prob.  60-4.  In  the  Electric  Journal  of  May,  1913,  the  following 
tement  is  made:  ''By  increasing  the  amount  of  copper  of  a 
gle-phase  shell-type  transformer  exactly  200  per  cent,  and  of  the 
iron  approximately  150  per  cent,  a  three-phase  shell-type  trans- 
former is  obtained,  having  three  times  the  capacity  of  the  single- 
phase  transformer."  By  study  of  Fig.  163,  attempt  to  prove  or 
disprove  these  statements. 

Prob.  61-4.  Check  the  following  statement:  "A  three-phase 
AA-connected  shell-type  transformer  may  be  operated  temporarily 
at  58  per  cent  of  the  combined  capacity  of  the  three  windings  pro- 
vided only  one  phase  has  been  disabled.  In  such  a  case,  both  the 
high-tension  and  low-tension  windings  of  the  disabled  phase  are 
disconnected  from  the  Unes  and  other  phases,  and  each  of  these 
windings  is  short-circuited  upon  itself." 

(a)  Check  the  numerical  value  of  58  per  cent  stated  above. 

(6)  Explain  why  the  disabled  windings  are  short-circuited  and 
what  would  result  if  they  were  not.  * 

(c)  Why  would  not  the  current  be  excessive  in  the  short-circuited 
,<;oils? 


/ 


63.  Feeder  Voltage  Regulators.  As  explained  in  Art.  7, 
page  22,  it  is  in  general  highly  desirable  that  the  consuming 
devices  shall  be  served  with  electric  power  at  constant  volt- 
age. But  as  the  pressure  drop  on  the  various  transmitting 
and  distributing  lines  emanating  from  a  generating  station 
will  depend  upon  the  length  and  other  features  of  the  in- 
dividual lines,  as  well  as  upon  the  variations  of  load  which  are 
peculiar  to  each  line,  it  is  obviously  impracticable  to  adjust 
the  voltage  at  the  bus-bars  or  generator  terminals  so  as  to 
compensate  for  line  drop  and  to  maintain  approximately 
constant  voltage  at  the  service  end  of  every  line.  One  of  the 
following  remedies  must  be  applied  individually  to  each  line 
or  feeder,  according  to  its  requirements: 

(a)  Make  the  line  of  such  conductivity  and  spacing  that 
the  resistance  and  reactance  are  low  enough  to  bring  the 
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impedance  drop  on  the  line  within  the  limits  of  voltage 
variation  permitted  between  full  load  and  zero  load,  at  the 
given  power-factor. 

(6)  Equip  each  individual  transmission  line  or  feeder  with 
a  ''feeder  voltage-regulator"  to  boost  the  voltage  on  that 
feeder  by  an  amount  equal  to  the  impedance  drop  on  the 
feeder.  This  regulator  is  usually  furnished  with  means  for 
keeping  it  automatically  adjusted  at  all  loads  so  that  the 
service  voltage  at  the  end  of  the  feeder  is  nearly  constant. 
The  regulator  may  be  located  in  the  generating  station,  in  the 
substation,  or  on  the  pole  or  in  the  manhole  at  the  service 
point,  as  is  most  convenient. 

Often,  and  particularly  in  the  case  of  the  longer  lines  or 
feeders,  a  determination  of  the  most  economical  size  of  wire 
(see  Art.  66,  page  323)  will  show  that  the  power  can  be 
transmitted  more  cheaply  by  installing  the  most  economical 
size  of  wire  and  adding  a  feeder  voltage  regulator  to  compen- 
sate excessive  voltage  drop  than  by  installing  a  wire  large 
enough  to  keep  the  voltage  regulation  at  the  service  point 
within  the  same  limits  without  the  feeder  regulator.  These 
regulators  have  therefore  become  very  common  and  practi- 
cally essential  in  transmissions  having  considerable  power 
capacity  or  length. 

Feeder  Voltage  Regulators  are  of  two  types,  which  may  be 
distinguished  as  the  Induction  type  and  the  Compensator 
type.  The  operating  principle  of  the  former  is  shown  in 
Fig.  169.  A  primary  coil  PP  is  tapped  across  the  bus-bars 
or  the  transmission  line,  and  produces  alternating  flux  in  the 
iron  core  cc.  This  flux  induces  an  e.m.f .  in  a  secondary  coil 
SS  (which  is  placed  at  an  angle  with  PP  corresponding  to  90 
degrees),  provided  the  core  cc  does  not  happen  to  Ue  in  the 
same  plane  with  this  secondary  coil.  In  the  latter  event, 
no  e.m.f.  is  induced  in  SS  because  the  flux  is  parallel  to  the 
turns  of  SS  and  does  not  link  with  them.  The  secondary 
coil  is  in  series  with  the  transmission  line  or  feeder.  If  the 
core  cc  is  inclined  in  one  direction  through  the  secondary 
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coil  SS  the  e.m.f .  induced  therein  is  in  the  same  direction  as 
the  primary  e.m.f.,  and  the  voltage  on  the  load  side  of  the 
regulator  is  greater  than  the  voltage  on  the  generator  side  by 
an  amount  equal  to  the  voltage  E,  which  is  being  induced  in 
the  secondary  coil.  If  the  core  cc  be  turned  slightly  so  as  to 
incline  oppositely  with  respect  to  the  plane  of  SS,  while  still 

p 
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Fio.  169.    Diagram  of  a  voltage  regulator;   induction  type, 

single-phase. 

approximately  perpendicular  to  PP  as  before,  the  e.m.f .  E^ 
induced  in  SS  is  in  the  opposite  direction,  and  the  feeder 
voltage  becomes  {Ep  —  E,).  With  Ep  and  primary' current 
growing  in  direction  shown  by  the  arrows,  it  is  as  if  we  thrust 
a  north  pole  (shown  by  arrows  on  cc)  upward  through  SS  in 
the  first  case,  and  downward  in  the  second  case.  In  either 
case  £«  is  in  phase  with  Ep,  or  at  180  electrical  degrees  to  it, 
and  the  load  voltage  {Ep  db  E,)  is  the  arithmetical  sum  or 
difference  of  Ep  and  E,  depending  on  the  angular  position 
of  cc.  The  value  of  E,  will  vary  with  this  angle,  as  more  or 
less  of  the  primary  flux  is  made  to  link  with  the  secondary. 
The  compensator  type  of  feeder  voltage  regulator  is  shown 
in  Fig.  170,  where  we  have  a  transformer  with  its  primary  PP 
connected  across  the  transmission  line  through  a  reversing- 
switch  a,  and  taps  brought  out  from  various  points  along  its 
low-voltage  secondary  coil  SS  to  contact  blocks  on  a  switch 
hjbt  along  which  slides  a  contact  arm  c.    This  contact  arm  is 


TRANSFORMEHS.      POLYPHASE  CONNECTIONS     283 

connected  to  the  feeder  in  such  manner  that  the  voltage  E, 
induced  in  the  secondary  coil  between  the  points  61  and  c  is 
either  added  to  or  subtracted  from  the  primary  voltage, 
depending  upon  the  position  of  the  reversing  switch  a.  Thus, 
ii  E',  he  the  mftyimnm  voltage  that  can  be  had  from  the 


Fig.  170.    Diagram  of  a  feeder  voltage  regulator;  comptensator  type, 
Bingle-phase. 

secondary  with  c  moved  up  to  &s,  the  limits  of  load  voltage 
are  {Ep  ±  E',),  depending  upon  which  way  the  switch  a  is 
thrown. 

To  avoid  interruption  of  the  current  supply  to  the  load 
(which  might  cause  severe  and  destructive  sparking  or  arcing 
at  the  switch  contacts),  the  contact  on  the  arm  c  is  made 
broad  enough  to  span  two  blocks  on  the  switch  btbt-  This 
would  result  in  damage  to  the  secondary  SS  due  to  short- 
circuiting  some  of  its  turns  in  moving  from  one  block  to 
another,  if  some  preventive  were  not  employed.  One  method 
is  to  snap  the  contact  c  from  one  block  to  the  next  by  means 
of  a  spring  so  quickly  that  no  arc  can  be  formed  and  no  flicker 
noticed  in  the  load  current.  Another  method,  shown  in 
Fig.  170,  is  to  split  the  contact  c  into  two  parts  which  are  con- 
nected together  through  a  coil,  which  has  sufficient  reactance 
to  limit  the  short-circuit  current  to  a  small  value,  and  suffi- 
cient carrying  capacity  not  to  be  injured  by  passage  of  the 
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main  load  current  through  it.  The  load  circuit  is  tapped  from 
the  middle  of  this  coil,  and  the  result  is  that  the  useful  load 
current  flows  in  equal  amount  but  in  opposite  directions 
through  the  two  halves  of  the  coil,  so  that  no  flux  and  no 
reactance  drop  are  produced  in  it  by  the  load  currents.  This 
device  is  convenient  to  use  wherever  we  desire  to  change  from 
one  tap  to  another  on  any  transformer  without  disturbing 
the  circuit. 


Fio.  171.    Feeder  voltage  regulator  to  be  operated  by  hand.    The 

General  EUctrie  Co. 

Fig.  171  is  a  photograph  of  a  two-pole  single-phase  induc- 
tion-type regulator,  similar  to  that  shown  in  Fig.  169,  and 
arranged  to  be  operated  by  hand.  Fig.  172  shows  a  similar 
regulator  arranged  to  be  automatically  controlled,  and  to  be 
hung  on  a  pole  or  placed  in  a  manhole  at  the  load-center  or 
at  the  point  where  the  feeder  connects  to  the  consumer's  ser- 
vice taps.  A  contact-making  voltmeter  automatically  closes 
a  control  circuit  when  the  voltage  on  the  load  side  of  the  r^u- 
lator  reaches  a  value  approximately  one-half  of  one  per  cent 
above  or  below  the  value  which  it  is  adjusted  to  maint^n. 
This  control  circuit  operates  a  small  motor  in  such  direction 
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as  to  move  the  core  c  (Fig.  169)  or  the  contact  c  (Fig.  170), 
ajid  restore  the  load-voltage  to  the  predeteriniDed  value. 

Fig.  173  ahows  the  core  aad  windings  of  a  fairly  large  single- 
phase    two-pole    induction-type     regulator.     The    moving 
element  carries  the  primary  coil,  because  this  consists  of  a 
lai^  number  of  turns  of  fine  wire  receiving  full  line  voltage 
and   the   connections  to    it   are 
therefore  light  and  flexible.    With 
this  rotor  in  the  position  shown, 
no  e.m.f.  is  induced  in   the  sec- 
ondary   coil;     but   if    the   volt- 
meter and  control  motor  move 
the    core    clockwise    the    feeder 
e.m.f.  is  raised,  let  us  say,  and  if 
counter-clockwise   it  is   lowered. 
We  may  easily  see,  however,  that 
when  the  rotor  is  in  the  neutral 
position  as  here  shown,  the  sec- 
ondary coil  surrounded  completely 
by   iron   forms    a    choking    coil 
through  which  the  load  currents 
must  pass,  and  the  voltage  regu- 
lation of  the  circuit  is  caused  to  Fia.  172.    An  automatic  feeder 
be   very  bad.     To   prevent  this     voltage  regulator.    Pole  type, 
difficulty   a   coil   of   heavy    wire     The  General  Ekclric  Co. 
short-circuited  on  itself  is  mounted  on  the  drum  and  fixed 
at  an  angle  of  90  electrical  degrees  with  the  primary.     When 
the  primary  is  in  neutral  position,  the  secondary  induces  a 
sufficient  current  in  this  short-circuited  coil  to  reduce  to 
practically  zero  value  the  flux  and  reactance  due  to  the  load 
currents  in  the  secondary. 

Fig.  174  shows  an  installation  of  lai^  stationary  induction- 
type  feeder  regulators  in  a  substation.  Fig.  175  shows  the 
internal  connections  of  a  commercial  regulator  of  the  com- 
pensator type,  in  which  the  contact  blocks  AAA  on  the  dial 
switch  correspond  to  the  blocks  on  the  switch  It|6i  of  Fig.  170. 
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Each  of  two  atijacent  blocks  is  touched  by  a  number  of 
contact  fingers  which  differ  but  slightly  in  length.  Each 
contact  finger  is  attached  to  a  collector  ring  on  the  movable 


Fio.  173.     Section  of  wiDding  and  core  of  singlc-phaao  induction 
regulator.    The  General  Electric  Co. 

drum,  and  these  rings  are  all  connectc<]  in  parallel  through  in- 
dividual preventive-resistances  to  the  feeder  circuit  as  shown. 
When  the  contacts  are  at  the  upper  middle  position  in  the 
upper  part  of  Fig.  175,  the  feeder  voltage  is  exactly  the  same 
as  the  generator  voltage.  Moving  the  contacts  clockwise  will 
raise  the  feeder  voltage,  and  moving  them  counter-clockwise 
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will  lower  the  feeder  voltage  by  causing  the  e.m.f.  in  the  Irft 
half  of  the  secondary,  in  series  with  the  feeder,  to  oppose  the 
generator  e.ni.f.  The  preventive  resistances  serve  the  same 
purpose  as  the  coil  c  in  Fig.  170.  They  do  not  waste  appre- 
d&ble  power  due  to  passage  of  load  current  through  them 


Fia.  174.    InBtallation  of  Genend  Electric  automatic  induction  feeder 
regulators  at  the  Philadelphia  Electric  Co. 

because,  as  may  be  seen  in  lower  Fig.  175,  there  are  four  of 
them  in  parallel  connected  to  each  contact-block. 

The  compensator  type  of  regulator  has  the  advantage  over 
the  induction  type  that  the  moving  element  is  much  easier  to 
move  and  can  therefore  be  moved  more  quickly,  resulting  in 
closer  regulation  or  more  nearly  constant  feeder  voltage. 
There  is  a  large  torque,  due  to  magnetism,  resisting  movement 
of  the  rotw  in  the  induction  type,  whereas  in  the  former  the 
resisting  torque  is  due  only  to  friction.  The  efficiency  of  the 
C4Hnpcnsator  type  may  also  be  greater  due  to  the  fact  that 
load  currents  traverse  only  as  much  of  the  secondary  wind- 
ing as  may  be  necessary,  instead  of  all  of  it;  and  the  power- 
factor  of  the  induction  type  may  be  lower  on  account  of  the 
air  gap  in  the  magnetic  circuit,  rqeuiring  a  greater  magnetis. 
ing  component  of  current. 
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The  compensator  type  of  regulator  is  usually  built  for 
single-phase  circuits  only,  and  must  be  applied  individually  ~ 
to  the  phases  of  a  three-phase  circuit.     The  induction  r^ula- 


tor  can  easily  be  built  for  polyphase  circuits  merely  by 
mounting  upon  both  rotor  and  stator  three  windings  with 
proper  angle  between  them  (see  Chap.  IX,  First  Course),  the 
rotor  windings  being  connected  together  in  i  or  K  to  the  line 
wires,  and  each  stator  winding  being  connected  in  series  with 
the   corresponding  line   wire.     The   internal   actions   of  a 
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polyphase  induction  regulator  differ  in  detail  from  those  of 
the  single-phase  induction  regulator.  In  the  single-phase 
type  the  magnetic  flux  is  fixed  in  direction  and  varies  har- 
monically in  value  with  time,  while  the  e.m.f .  induced  in  each 
phase  of  the  secondary  is  in  phase  with  the  e.m.f .  of  the  corre- 
sponding phase  of  the  primary.  In  the  polyphase  type  the 
flux  rotates  around  the  axis  of  the  rotor  and  the  stator  at  an 
angular  velocity  depending  upon  the  frequency  of  the  primary 
e.m.f .  and  upon  the  number  of  poles  for  which  the  windings  are 
arraflged.  The  value  of  the  flux  is  fixed,  and  the  e.m.f .  added 
by  the  secondary  winding  to  each  phase  of  the  feeder  circuit 
has  a  phase  relation  to  the  impressed  e.m.f .  which  depends 
upon  the  angular  position  of  the  rotor  with  respect  to  the 
stator.  It  is  like  a  wound-rotor  induction  motor  (which  see, 
in  Chap.  VII  of  this  book),  in  which  the  rotor  is  held  station- 
ary against  the  torque  which  tends  to  rotate  it,  and  each  phase 
of  the  stator  winding  is  connected  in  series  with  one  of  the 
Une  wires  while  the  corresponding  phase  of  the.  rotor  winding 
is  connected  across  the  same  phase  of  the  line. 

Prob.  62-4.  Unless  specified  otherwise,  feeder 'voltage  regula- 
tors are  usually  designed  to  raise  or  lower  the  line  voltage  by  10  per 
cent.  Their  rating  in  volt-amperes  is  equal  to  the  product  of  the 
current  they  can  deliver  times  the  amount  by  which  they  can  raise 
or  lower  the  voltage  of  this  current  above  or  below  its  normal  value. 
Under  these  conditions,  what  would  be  the  rating  of  a  single-phase 
regulator  for  a  100-kv-a.  2300-volt  feeder? 

Prob.  63-4.  Under  the  conditions  of  Prob.  62,  what  would  be 
the  kv-a.  rating  of  a  three-phase  induction  regulator  for  a  three- 
wire  feeder  delivering  100  amperes  per  wire  with  2300  volts  between 
line  wires? 

Prob.  64-4.  Under  the  conditions  of  Prob.  62,  what  would  be 
the  limiting  values  of  load  voltage  and  current  supplied  through  a 
single-phase  induction-type  regulator  rated  2.3  kv-a.  for  a  2300- 
volt  circuit? 

Prob.  66-4.  By  use  of  recording  voltmeters  attached  to  the 
lines,  the  following  were  observed  to  be  the  limiting  values  between 
which  the  voltage  fluctuated: 

(a)  Generator  voltage  (104  to  119)  times  20. 
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(6)  Feeder  voltage  beyond  induction-type  regulator  (110.5  to 
115)  times  20. 

(c)  Feeder  voltage  beyond  compensator-type  regulator  fed  from 
same  generator  at  approximately  the  same  time  (114  to  116)  times 
20. 

If  the  candle  power  of  tungsten  lamps  varies  as  the  3.63  power  of 
the  applied  voltage,  determine  the  ratio  between  maximum  and 
minimum  candle  power  of  a  given  lamp  attached,  under  the  con- 
ditions given  above,  to: 

(o)  the  generator  directly, 

(6)  the  induction  regulator, 

(c)  the  compensator  regulator. 

Prob.  6^^.  Would  it  be  preferable  to  use  a  polyphase  regula- 
tor or  three  single-phase  regulators  under  each  of  the  following 
conditions,  and  why? 

(a)  Three-phase  balanced  circuit  feeding  polyphase  motors 
principally. 

(6)  Three-phase  unbalanced  circuit  feeding  lights  principally. 

64.  The  Constant-current  Transformer.  In  supplying 
power  to  electric  lamps  for  street  lighting,  it  is  much  more 
economical  or  less  expensive  to  connect  the  lamps  in  series 
than  to  connect  them  in  multiple  or  parallel.  As  in  the 
multiple  system  it  is  necessary  to  maintain  constant  voltage 
across  the  circuit  in  order  that  the  addition  or  extinction  of 
lamps  shall  not  affect  the  current  supplied  to  every  other 
lamp  in  the  system,  so  in  the  series  system  it  is  necessary  to 
maintain  the  current  constant  in  order  that  the  insertion  of 
more  lamps  into  the  series  or  the  extinction  of  some  lamps  by 
short-circuiting  them  shall  not  affect  the  operation  of  the 
other  lamps. 

In  the  multiple  system  the  voltage  across  the  circuit  is 
maintained  constant  at  a  value  suitable  to  a  single  lamp,  and 
the  copper  wire  must  be  heavy  enough  to  carry  the  siun  of 
currents  required  by  all  the  lamps,  with  a  voltage  drop  and  a 
power  loss  within  limits  prescribed  in  fairly  definite  manner 
by  the  quality  of  service  demanded  and  by  the  requirement 
of  economy  in  transmission.  In  the  series  syBtem  the  current 
in  the  circuit  is  maintained  constant  at  a  value  suitable  to  the 
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individual  lamp,  and  the  copper  wire  need  be  only  large 
enough  to  carry  this  much  current  over  the  given  route  with 
a  power  loss  not  to  exceed  the  economical  limit,  it  being 
unnecessary  to  consider  the  voltage  drop  in  the  wires  as  a 
limiting  condition  in  this  case.  The  investment  in  copper  is 
therefore  very  much  less  in  the  series  system  than  in  the 
multiple  system  to  supply  the  same  loads,  due  to  the  higher 
voltage  and  lower  current. 

Inasmuch  as  electric  power  is  usually  generated  and  trans- 
mitted at  approximately  constant  voltage,  for  practically 
every  kind  of  load  except  street-lighting  systems,  it  is  neces- 
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Fio.  176.    Diagram  showing  the  principle  of  the  constant  current  trans- 
former.   Note  the  air  gap  in  the  transformer  core. 

sary  to  have  some  device  to  put  in  the  central  station  or  in  a 
conveniently  located  substation  which  shall  be  able  to  take 
power  at  constant  voltage  (variable  current)  and  deliver  it  at 
constant  current  (variable  voltage).  Such  a  device  is  called 
a  "constant-current  transformer,"  and  is  to-day  a  very 
common  piece  of  equipment.  The  principle  of  operation  is 
shown  in  Pig.  176,  where  we  have  a  primary  coil  P,  connected 
to  a  constant-voltage  a-c.  generator  0,  and  mounted  on  the 
same  iron  core  with  a  secondary  coil  S  which  is  connected  to  a 
series  circuit  of  lamps  L.    The  magnetic  circuit  has  an  air 
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gap  in  it  between  P  and  Sy  as  indicated  on  the  middle  limb  or 
core  of  the  transformer.  As  we  vary  the  impedance  of  the 
external  part  of  the  secondary  circuit  by  opening  or  closing 
the  switches  C  which  short-circuit  the  lamps  L,  we  find  that 
the  relative  variation  of  current  in  the  secondary  is  very  much 
less  than  it  would  be  if  there  were  no  air  gap  in  the  magnetic 
circuit  of  the  transformer  (i.e.,  if  it  were  like  an  ordinary 
constant-potential  transformer). 

The  reason  why  an  air  gap  interposed  in  the  magnetic 
circuit  between  the  primary  and  secondary  coils  causes  the 
transformer  to  be  self -regulating  for  approximately  constant 
current  rather  than  for  approximately  constant  voltage 
should  be  fairly  clear  after  a  careful  study  of  Article  41,  page 
164.  For  the  total  flux  generated  by  the  primary  current 
there  are  two  paths  which  are  magnetically  in  parallel, 
namely,  the  path  of  the  mutual  flux  0if  which  links  both  P 
and  5,  and  the  path  of  the  primary  leakage  flux  0p  which 
Unks  with  all  or  part  of  the  primary  without  linking  the 
secondary.  There  is  a  similar  parallel  path  for  the  secondary 
leakage  flux  0s.  Now,  in  the  ordinary  transformer  the 
reluctance  of  the  all-iron  path  of  the  mutual  flux  <i>^  is  so  low 
in  comparison  with  the  reluctance  of  the  part-air  path  of  the 
leakage  flux  0p  that  most  of  the  flux  which  threads  the 
primary  coil  and  induces  the  counter  e.m.f .  in  it  also  threads 
the  secondary  coil  and  induces  e.m.f.  in  it;  that  is,  0Af  is  a 
very  large  part  of  the  total  primary  flux  {(i>M  +  0p)  when 
there  is  no  air  gap  in  the  magnetic  circuit.  But  when  we 
introduce  such  an  air  gap,  the  reluctance  of  the  path  of  4*^ 
becomes  more  nearly  equal  to  the  reluctance  of  the  parallel 
path  of  0p,  and  the  same  total  flux  {4tM  +  0p)  redistributes 
itself  so  as  to  make  0p  larger  and  (1>m  smaller.  As  the  value 
of  e.m.f.  induced  in  the  secondary  coil  depends  directly  upon 
the  amount  of  4>Mi  we  see  that  the  presence  of  the  air  gap 
results  in  a  very  poor  voltage  regulation  at  the  secondary 
terminals.  That  is,  a  given  reduction  of  impedance  in  the 
secondary  circuit  produces  a  much  less  increase  of  secondary 
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current  than  before  the  introduction  of  the  air  gap,  because 
of  the  greater  decrease  of  secondary  voltage  due  to  the  gap. 
Apparently,  therefore,  a  transformer  must  be  designed  to 
have  large  leakage  reactance  and  bad  voltage  r^ulation  in 
order  to  regulate  itself  for  approximately  constant  current. 
This  is,  in  fact,  true  for  generators  also.    Fig.  177  illustrates 
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Fig.  177.  Curves  showing  practically  constant-current  regulation  of 
transformer  which  has  bad  voltage  regulation.  Note  that  whatever 
the  impedance  Zt  may  be,  the  current  /  remains  practically  the  same 
when  the  voltage  has  the  characteristics  of  curve  Et. 

the  general  relations.  The  ordinates  of  curve  Ei  represent 
terminal  volts  and  abscissas  represent  corresponding  amperes 
output  of  a  generator  or  transformer  having  zero  per  cent 
voltage  regulation  (absolutely  constant  voltage).  The  ordi- 
nates of  curve  Zi  represent  impedances  corresponding  to 
various  values  of  current  (abscissas)  and  are  obtained  by 
dividing  the  ordinate  on  Ei  (volts)  by  the  corresponding 
abscissa  (amperes).  Similarly  the  ordinates  of  curve  Zt 
represent  impedances  of  the  external  secondary  circuit  of  a 
transformer  which  has  rather  poor  voltage  regulation  as 
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shown  by  the  pronounced  slope  of  the  voltage  curve  £s,  and 

the  ordinates  of  curve  Zi  represent  external  impedances  for  a 

transformer  having  extremely  bad  voltage  regulation  as  shown 

by  curve  -Bj.    From  the  curves  of  Fig.  177  we  find  that  while 

Z  is  increasing  over  the  interval  from  1  to  3  units  in  all  cases 

(it  is  immaterial  what  scales  we  choose  for  ordinates  and 

abscissas,  for  volts  or  ohms  and  for  amperes),  /  varies  from 

3—1 
a  value  of  3  to  a  value  of  1,  or  over  a  range  of  — 5 —  or  67  per 

o 

cent  in  the  case  of  the  transformer  [E{)  having  perfect  voltage 
regulation;  /  varies  from  2.45  to  0.95,  or  over  a  range  of  61.2 
per  cent  in  the  case  of  a  transformer  (E^  having  somewhat 
poorer  voltage  regulation;  and  /  varies  from  0.75  to  0.5  or 
over  a  range  of  33  per  cent  in  the  case  of  a  transformer  (£«) 
having  very  bad  voltage  regulation. 

In  the  common  commercial  types  of  constant-current  trans- 
former the  method  for  obtaining  constant-current  regulation 
is  somewhat  different.  Thus,  in  Fig.  178  the  lower  (primary) 
coil  is  stationary,  while  the  upper  (secondary)  coil  is  free  to 
move  along  the  iron  core,  which  has  no  air  gap  in  it.  The 
secondary  is  suspended  from  counterweights  by  cords  which 
run  over  wheels,  or  grooved  sectors  as  shown  in  Fig.  178. 
These  sectors  are  so  shaped  or  adjusted  that  with  the  second- 
ary coil  in  any  position  along  the  core  the  difference  between 
the  weight  of  the  suspended  coils  and  the  lifting  effort  exerted 
on  them  by  the  counterweights  is  exactly  equal  to  the  mag- 
netic repulsion  between  the  primary  coil  and  the  secondaiy 
coil  when  carrying  the  current  which  the  transformer  is  ad- 
justed to  maintain.  If  the  impedance  of  the  external  circuit 
be  reduced  by  short-circuiting  any  part  (or  even  all)  of  the 
load,  the  resulting  momentary  rise  of  current  will  increase 
the  repulsive  force  between  coils  and  lift  the  secondary.  As 
the  secondary  moves  away  from  the  primary  the  reluctance 
of  the  leakage  paths  decreases  and  the  leakage  flux  increases, 
thereby  reducing  the  mutual  flux  and  the  secondary  induced 
voltage  corresponding  to  constant  primary  impressed  or 
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counter  e.m.f.    The  secondary  coil  will  move  upward  and  the 
secondary  voltage  will  be  thus  reduced  at  the  same  time  UQtil 


Pio.  178.  A  flO-cycIe,  20  KV-A.,  2200-volt,  5.5-amp,,  constant-current 
tranHfoniier  of  the  commerciitl  type.  Note  that  instead  of  the  air  gap 
la  the  core,  the  secondary  coil  is  free  to  move  along  the  core,  and 
thus  increase  or  decrease  the  leakage  flux.     The  General  Electric  Co. 

the  coil  finds  itself  in  a  position  where  there  is  again  equilib- 
rium between  the  forces  acting,  which  will  be  when  the  current 
is  restored  to  its  former  value.    The  current  for  which  the 
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transformer  regulates  itself  may  be  adjusted  over  a  certain 
range  by  changing  the  amount  of  counterweight.  Manu- 
facturers conmionly  guarantee  these  transformers  to  regu- 
late within  1  per  cent  above  or  below  rated  current,  from 
no  load  to  full  load. 

The  constant-current  regulation  is  thus  obtained  by  auto- 
matically increasing  the  leakage  reactance  in  just  sufficient 
amount  to  compensate  any  decrease  of  external  (secondary) 
impedance,  or  vice  versa.  As  the  secondary  ampere-turns 
are  maintained  constant,  the  primary  ampere-turns  and 
amperes  will  also  be  constant  except  for  the  change  in  the 
magnetizing  component  of  current.  The  primary  impressed 
voltage  being  maintained  constant,  it  follows  that  the  power- 
factor  of  the  primary  will  vary  in  direct  proportion  to  the 
total  watts  output  of  the  secondary.  Heavier  load  means 
larger  impedance  in  the  secondary  external  circuit,  higher 
voltage  at  the  secondary  terminals,  P  and  S  coils  closer 
together,  and  higher  power-factor  in  the  primary  circuit,  with 
practically  no  change  in  the  copper  loss  and  a  slight  increase 
of  the  iron  loss  (due  to  reduction  of  leakage  flux  and  corre- 
sponding increase  of  mutual  flux  in  the  all-iron  magnetic 

circuit), 

TABLE  VI 

Performance  Data  on  Constant-current  Transformers  with 

Incandescent  Lamp  Load 

From  Bulletin  of  Adams-Bagnall  Electric  Co.,  on  "Street- 
lighting  '» 


Sixeof 
trans- 
former, 
kv-a. 

Efficiency,  in  per  cent. 

Power-factor,  in  per  cent. 

Weight 
of  tran»> 
former, 
pounds. 

Full 
load. 

95 
96 

96.2 
96.5 
97.2 
97.4 

loful. 

load.       load. 

Full 
load. 

load. 

load. 

load. 

4 
8 
12 
16 
22 
32 

93 

95 

95.5 

96 

96.2 

96.4 

90 

92 

93 

94 

94.4 

95 

83 

87 

87.5 

88 

89.4 

90.5 

86 

87.2 

87.9 

88.5 

88.6 

88.8 

66 

66.2 

66.6 

67 

67.1 

67.2 

45 

45.2 

45.2 

45.3 

45.4 

45.5 

24 

24.2 

24.3 

24.5 

24.5 

24.5 

625 
900 
1200 
1650 
1800 
2100 

Note,    Full  load  means  rated  kv-a.  output. 


TRANSFORMERS.     POLYPHASE  CONNECTIONS     297 

Fig.  180  represents  the  simplest  possible  connections  of  a 
constant-current  transformer  to  the  power  supply  and  to  the 
load  circuit.  Lightning  arresters  (see  Fig.  175  in  First 
Course,  and  Art.  89  of  this  book)  are  considered  to  be  an 
essential  part  of  the  equipment  because  the  external  circuit 
is  out  of  doors.     Instrument  cases  are  grounded  to  avoid 
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Fiu.  179.  The  connections  for  a 
constant-current  transformer 
like  that  in  Fig.  178,  having 
ciouble  coils  and  supplying  two 
series  circuits.  The  Cfeneral 
Electric  Co, 


Fig.  180.  Simple  connections  for 
a  constant-current  transformer 
with  a  single  coil  and  supply- 
ing but  one  circuit.  The  Oenr 
eral  Electric  Co, 


potentials  on  them  which  might  endanger  the  life  of  the 
station  attendant  who  touches  them.  When  the  secondary 
circuit  contains  a  very  large  number  of  lamps  it  is  sometimes 
considered  preferable  to  divide  it  into  two  circuits,  and  the 
primary  and  secondary  coils  may  also  be  divided  into  two 
parts  each.  This  is  shown  in  Fig.  179,  which  corresponds  to 
Fig.  178.  Either  external  circuit  may  be  '* killed"  by  insert- 
ing the  plug  in  the  switch  which  short-circuits  that  series 
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and  then  removing  the  plugs  from  the  switches  which  dis- 
connect the  line  wires  from  the  short-circuited  secondary. 

Prob.  67-4.  How  many  series  incandescent  lamps,  each  rated  250 
candle-power,  170  watts,  25.7  volts,  6.6  amperes,  spaced  200  feet  apart 
and  connected  by  No.  6  copper  wire,  can  be  supplied  by  a  16-kv-a. 
transformer  whose  characteristics  are  as  given  in  Table  VI?  Con- 
sider the  lamps  and  line  to  be  non-inductive.     Frequency  60  cycles. 

Prob.  68-4.  If  the  transformer  of  Prob.  67  is  fed  from  2300- 
volt  constant  potential  mains,  calculate:  (a)  Secondary  terminal 
voltage  at  full  load  (rated  size  being  considered  to  refer  to  kv-a. 
output).     (6)  Primary  amperes  input  at  full  load. 

Prob.  69-4.  Assuming  the  load  of  the  4-kv-a.  transformer  of 
Table  VI  to  be  entirely  non-inductive,  draw  curves  having  watts 
in  external  circuit  as  abscissas,  and  as  ordinates  the  following: 
(a)  Secondary  terminal  voltage  at  4  amperes;  (6)  magnetizing  com- 
ponent of  primary  current,  in  amperes.    Primary  voltage  is  2300. 

Prob.  70-4.  From  the  data  given  for  the  12-kv-a.  transformer 
in  Table  VT,  assuming  the  load  to  have  unity  power-factor,  calcu- 
late the  following:  (a)  total  watts  loss  at  1,  f ,  ^  and  \  times  rated 
load;  (6)  constant  or  copper  loss;  (c)  variable  or  iron  loss  at  1,  f ,  ^ 
and  \  times  rated  load. 

Prob.  71-4.  From  data  given  in  Table  VI  for  the  8-kv-a. 
transformer,  assuming  it  to  be  rated  and  adjusted  for  4  amperes 
secondary  and  2200  volts  primary,  calculate  the  equivalent  primary 
reactance  due  to  magnetic  leakage  at  1,  f ,  \  and  \  times  rated  load. 
Power-factor  of  load  is  unity. 

66.  Instrument    Transformers.    Series    Transformers. 

In  alternating-current  systems  the  measuring  instruments 
(as  voltmeters,  ammeters,  wattmeters,  watt-hour  meters, 
power-factor  meters)  and  the  limit  devices  (as  relays  for 
operating  circuit  breakers  to  guard  against  overload,  low 
voltage  and  reverse  current  or  power)  are  not  usually  con- 
nected directly  to  the  power  circuit,  but  are  linked  thereto 
by  "instrument  transformers,"  more  commonly  known  as 
"potential  transformers"  and  "current  transformers."  The 
most  important  function  of  these  transformers  is  to  insulate 
electrically  from  the  high-tension  circuit  the  measuring  in- 
strument and  the  relays,  which  are  on  the  switchboard  and 
may  be  touched  by  the  attendants.    Aside  from  considera- 
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tion  of  the  personal  safety  of  the  operators,  it  would  be  too 
expen^ve  and  usually  impracticable  to  insulate  the  parts  of 
the  instruments  for  high  voltage.  It  is  preferable  to  put  the 
insulation  into  instrument  transformers  and  to  use  instru- 
ments insulated  for  low  voltage  only.  Furthermore,  by  use 
of  instrxmient  transformers  of  various  ratios  we  are  enabled 
to  standardize  our  equipment  of  instruments,  using  generally 
110-volt  voltmeters,  and  5-ampere  ammeters  or  wattmeters, 
through  transformers  of  suitable  ratio,  to  read  pressures, 
currents,  or  powers  of  any  magnitude. 

The  method  of  using  such  transformers  is  illustrated  in 
Fig.  179.     A  potential  transformer  has  its  high-tension  coil 
shunted  across  the  primary  mains  at,  say,  2300  volts.     The 
low-tension  coil,  probably  110  volts,  connects  to  the  pressure 
coil  of  the  watt-hour  meter.     (We  might  also  connect  in  paral- 
l«l  to  the  same  trans- 
former a  voltmeter  and 
the  pressure  coil  of  a 
wattmeter  or  a  power- 
factor  meter.)    In  series 
with  the  supply  mains 
shown  in    Fig.    179  is 
a   current    transformer, 
having     its     secondary 
connected   to   the    cur- 
rent coil  of   the  watt- 
hour  meter  (we  might 
also  connect,  in  series  to 
the  same  current^trans- 
former    secondary,     an 
ammeter  and  the  current 

coil  of  a  wattmeter  or  of    P""'    J^'-      ^O^^att    pDtentinl    tran^ 
,     .  ,     ,  former.     Wagner  Elednc  Co. 

a  power-factor  meter). 

Notice  that  the  low-tension  circuits  of  instrument  trans- 
formers, as  well  as  the  cases  of  instruments,  are  usually  fur- 
nished with  a  good  electrical  connection  to  earth. 
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Instrument  tranafonners  are  of  small  power  capacity,  — 
from  15  to  200  volt-amperes,  depending  upon  how  many  in- 
strument are  to  be  operated  or  upon  the  amount  of  power 
required    to    operate    relays. 
The  volt^e  ratio  of  potential 
*  transformers,  or  the  current 
,  ratio  of  current  transformers, 
**  usually     remains     practically 
constant  for  all  voltages  or  cur- 
rents, respectively,  under  the 
Fia.    182.      Stotionan'     cmrent   ^^  ^^^        ^^^   ^^^  ^^^^     jg 
transformer.  Wutinghoute EUc-    ,        ,,  ^    ,        ..  ,  ,, 

trie  and  Mfg.  Co.  '^  *''*"  "^"^^  wattage  of  the 

transformer,  regardless  of  what 
particular  instruments  may  be  used  on  the  low-tension  side. 
It  b  preferable,  however,  to  have  each  instrument  or  group 
of  instruments  calibrated  and  used  in  connection  with  a  par- 
ticular transformer,  if  greatest  accuracy  is  desired.  Fig.  ISl 
shows  a  potential  transformer  of  rather  large  size  (200  volt^ 
amperes)  wound  for  110  volts  low-tension  with  either  1100 


Fio.  183',».    Portable  series  or  current  transformer.     Weatin{)hou*e  Elec- 

trie  and  Mfg.  Co. 

or  2200  volts  high-tension,  depending  on  whether  the  two 
high-tension  coils  are  connected  in  parallel  or  in  series.  It 
is  intended  to  lie  bolted  to  some  convenient  point  of  the 
framework  which  supports  the  main  conductors. 


TRANSFORMERS.     POLYPHASE  CONNECTIONS     301 

Fig.  182  shows  a  current  transformer,  oF  which  the  primary 
PP  is  connected  in  series  with  the  high-tension  conductor 
and  the  secondary  terminals  SS  are  connected  to  ammeters, 
relays  and  current  coils  of  watt- 
meters,   all    in    series    with    one 
another  (aever  in  parallel).    Pig. 
183a  and  lS3b  shows  a  portable 
testing    outfit     consisting    of    a 
'"split-type"   current  transformer 
connected  to  an  ammeter.    A  part 
of  the  magnetic  circuit  is  cut  out 
and  attached  to  the  remainder  by 
a  hinge,  so  that  the  transformer  can 

be  opened  and  clamped  around  any  pia.  183b,  Transformer  of 
cable  or  bus  bar,  permitting  the  cur-  Fig.  183a  shown  ready  for 
rent  to  be  measured  without  dis-  '"serting  cable. 
turbii^  the  circuit  in  any  way.  If  the  primary  circuit  passes 
once  through  the  hole  in  the  core,  it  is  equivalent  to  a  single 
turn  starting  from  the  generator  or  bus  bar  and  returning 
thereto;  if  the  conductor  passes  through  the  core  twice,  it 
is  equivalent  to  a  primary  of  two  turns,  and  so  on.  Although 
convenient  to  use,  the  split  type  has  poor  characteristics. 

When  we  are  measuring  only  amperes  or  volts,  the  accuracy 
depends  principally  upon  the  constancy  of  the  ratio  of  the 
current  transformer  or  of  the  potential  transformer.  When 
these  transformers  actuate  wattmeters,  however,  a  factor  of 
even  greater  importance  than  the  ratio  is  the  phase  difference 
l)etween  primary  and  secondary  terminal  voltages  of  the 
potential  transformer,  or  between  primary  and  secondary 
currents  in  the  current  transformer.  The  calibration  curves 
of  Fig.  184  refer  to  the  type  of  current  transformer  illustrated 
in  Fig.  182  and  show  that  the  variations  from  the  ideal  con- 
dition of  constant  ratio  and  zero  (or  180°)  phase  displace- 
ment, though  small,  are  quite  appreciable.  The  transformers 
are  often  "compensated"  (adjusted  to  give  exact  ratio  and 
180°  phase  displacement  between  primary  and  secondary)  at 
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about  65  per  cent  of  their  rated  capacity.  In  the  case  of  the 
current  transformer,  particularly,  the  ratio  of  transformation 
for  currents  is  not  equal  to  the  ratio  of  turns  in  the  primary 
and  secondary  coils. 

It  is  important  to  know  how  the  current  transformer 
adjusts  its  secondary  current  to  the  current  flowing  in  the 
primary  or  main  cir- 
cuit. Necessarily  it  is 
designed  so  that  the 
resistances  and  reacts 
ances  of  primary  and 
secondary  coils  are 
very  low;  thus,  when 
the  secondary  b  con- 
nected through  meters 
„  and  relays  whose  im- 

FiG.184.  CharactOTBtic  curves  of  raurent  oedances  are  low  the 
transformere.  The  power-factor  here  re-  Prances  are  lOW,  tlie 
ferred  to  ia  that  of  the  )oad  on  the  cur-  voltage  drop  across  the 
rent  tmnsformer  itself.  Wexlingfumse  primary  is  80  small  that 
EUclrie  and  Mfg.  Co.  it  has  no  effect  Upon 

the  primary  current  flowing,  the  value  and  wave  form  of 
which  depend,  therefore,  upon  the  load  itself  and  upon  the 
generator.  A  given  number  of  amperes  flowing  in  the  line 
will  produce  a  certain  number  of  ampere-tums  of  m.m.f. 
acting  in  the  primary  of  the  transformer.  A  flux  will  be 
produced,  generating  an  e.m.f.  in  the  secondary  coil,  which 
produces  a  current  in  the  secondary  circuit  if  it  is  closed, 
as  it  always  should  be.  As  in  the  secondary  current  in- 
creases, the  m.m.f.  due  to  it  increases,  and  as  this  m.m.f. 
is  opposed  to  the  primary  ampere-tums,  only  the  vector 
difference  between  the  primary  and  secondary  ampere-tums 
is  available  to  excite  or  magnetize  the  core.  For  any  given 
primary  current,  therefore,  the  secondary  current  will 
increase  only  to  such  value  as  can  l>e  maintained  by  the 
secondary  e.m.f,  induced  by  the  flux  produced  by  the  vector 
difference    between    the    primary    ampere-tums    and    the 
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secondary  ampere^tums.  When  this  value  has  been  reached 
there  will  be  no  further  tendency  for  the  secondary  current 
to  rise,  and  we  shall  have  equilibrium. 

From  the  foregoing  it  may  be  seen  that  the  value  of 
secondary  current  corresponding  to  a  giyjen  value  of  primary 
current,  or  the  current  ratio  of  the  series  transformer,  will 
depend  upon: 

(a)  The  impedance  of  the  secondary  circuit.  If  this  im- 
pedance be  increased,  the  secondary  current  cannot  increase 
to  as  large  value  as  formerly  for  the  same  primary  current, 
because  a  larger  secondary  e.m.f.  must  be  induced  per 
ampere  of  secondary  current  on  account  of  the  larger  imped- 
ance, and  therefore  there  must  be  a  larger  flux  and  larger 
magnetizing  component  of  primary  ampere-turns  per  ampere 
of  secondary  current.  The  same  total  primary  ampere-turns 
cannot  therefore  produce  as  many  secondary  ampere-turns 
as  formerly.  Incidentally,  the  flux  density  in  the  core  must 
increase  as  the  secondary  impedance  increases,  therefore  the 
core  losses  will  be  greater  and  the  temperature  of  the  trans- 
former will  rise;  also,  there  will  be  a  greater  voltage  drop 
across  the  primary  coil,  and,  as  this  is  in  series  with  the  line, 
the  voltage  regulation  of  the  load  may  be  appreciably  poorer. 

(6)  The  design  of  the  magnetic  circuit.  The  flux  density 
must  not  be  allowed  to  reach  excessive  values  under 
operating  conditions.  The  cross-section  of  iron  must  be 
relatively  larger  than  demanded  by  good  practice  in  other 
types  of  transformer,  to  allow  for  relatively  wide  variations 
without  approaching  the  knee  of  the  saturation  curve;  and 
the  number  of  turns  must  be  large  enough  in  both  primary 
and  secondary  so  that  a  small  vector  difference  between 
the  m.m.f.'s  due  to  the  currents  in  these  coils  will  produce 
relatively  large  net  magnetizing  force.  If  these  principles  are 
violated,  the  current  ratio  will  vary  greatly  as  the  primary- 
current  varies. 

(c)  The  power-factor  of  the  secondary  circuit,  or  the  ratio 
between  reactance  and  resistance  of  instrument  coils  or 
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other  loads  connected  thereto.  The  flux,  secondary  induced 
e.m.f.  and  secondary  current  are  produced  by  the  vector 
difference  between  the  primary  ampere-turns  and  the  sec- 
ondary ampere-turns,  and  as  the  ratio  of  X  to  i2  in  the 
secondary  circuit  increases,  the  load  component  and  the 
exciting  component  in  the  primary  come  more  nearly  into 
phase  with  the  total  primary  current,  or  more  nearly  into 
phase  with  each  other.  This  results  in  a  smaller  secondary 
current  for  the  same  total  primary  current,  and  therefore  in 
a  larger  current  ratio  for  the  transformer  (the  ratio  of  an 
instrument  transformer  being  understood  always  to  mean  the 

»  number  by  which  the  instru- 
ment  indication  is  to  be  mul- 
tiplied in  order  to  find  the  cor- 
responding value  for  the  primary 
or  high-tension  circuit). 

If  the  student  is  unable  to 
construct  for  himself  vector  diar- 
grams  to  illustrate  the  deductions 
stated  above.  Fig.  185  to  188  will 
assist.  Fig.  185  shows  the  ordi- 
nary relations  for  a  current  trans- 
former having  ratio  of  2:1  — 
that  is,  such  that  the  mains  carry 
2  times  the  current  that  flows 
through  the  secondary  or  the  in- 
struments connected  in  series 
thereto.     When  a  current  Ip  am- 


♦e; 


Fio.  185.      Current,   flux  and       ^  -^  ^^^^^  through  the  pri- 
voltage  relations  in  a  2 : 1  cur-  j.i       n         .         x         x*     n 

rent  Wormer.  ^^^^  ^^^  ^"^  *  automatically 

adjusts  itself  as  to  value  and  phase 

(in  a  way  which  depends  upon  the  design  of  the  magnetic  and 

electric  circuits)  in  such  manner  as  to  induce  a  secondary 

e.m.f.  Es  sufficient  to  force  a  current  Is  against  the  total 

resistance  and  reactance  of  the  secondary  circuit.     Is  must 

be   such   that   when   the   corresponding   (equal   opposing) 
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ampere-turns  (//>  times  number  of  turns  in  primary)  are  sub- 
tracted veetorially  from  the  total  primary  ampere-turns  due 
to  Ip,  the  difference  {Is  times  number  of  primary  turns)  is 
just  sufficient  to  produce  the  flux  <t>f  according  to  the  design 
and  operating  characteristics  of  the  magnetic  circuit. 

When  Fig.  186  is  compared  with  Fig.  185,  we  see  the  effects 
of  changing  the  current  Ip  in  the  primary  circuit  to  half  of 
its  former  value,  keeping  the  secondary  cir- 
cuit unchanged.     As  the  power  component 
of  Is  decreases  approximately  as  the  square 
of  <l>  or  E'g,  while  the  magnetizing  compo- 
nent of  Ie  (in  phase  with  <t>)  decreases  in 
nearly  direct  proportion  to  <t>,  we  reason  that 
Ip  will  be  greater  than  half  its  former  value, 
and  Ip  will  be  more  nearly  in  phase  with  ^ 
and  therefore  further  out  of  phase  with  Is 
because  Ie  is  more  nearly  in  phase  with  <t>.  y^^  jgg  ^        , 
We  see  therefore  why  it  is  that  in  Fig.  184     fju^  and  voltage 
a  decrease  in  primary  current  increases  the 
current  ratio  (of  Ip  to  /s,  or  of  Ip  to  Ip) 
and  also  increases  the  phase  displacement 
of  Is  (or  of  Ip)  with  respect  to  I  p. 

Comparing  now  Fig.  187  with  Fig.  185, 
we  see  the  effect  of  increasing  the  total  im- 
p)edance  of  the  secondary  circuit  by  approximately  50  per 
cent,  with  the  same  ratio  o(  X  to  R  in  the  secondary  and 
the  same  current  (Ip  amperes)  in  the  primary.  Es  must 
be  considerably  increased  notwithstanding  Is  is  slightly  re- 
duced. While  <t>  must  be  increased  in  proportion  to  Es,  the 
magnetizing  component  of  Ie  must  increase  approximately 
in  simple  proportion  to  <t>,  and  the  power  component  of 
Ib  approximately  as  the  square  of  <t>  (see  Art.  38);  there- 
fore Ie  will  increase  relatively  somewhat  more  than  ^  and 
will  be  furtiher  out  of  phase  with  <f>.  As  a  result,  Ip  and  Is 
will  be  somewhat  less  than  before  for  the  same  value  of  Ip; 
the  current  ratio  of  the  transformer  {Ip  -r-  7^)  will  be  greater, 


relations  in  the 
current  trans- 
former of  Fig. 
185,  when  the 
primary  current 
is  halved. 


306 


ALTERNATING-CURRENT  ELECTRICITY 


and  the  phase  displacetnent  between  Ip  and  Is  will  probably 
be  somewhat  reduced. 
Comparing  Fig.  188  with  Fig.  185,  we  see  the  effect  of 

increasing  the  ratio  of  X  to  ft, 
or  lowering  the  power-factor, 
in  the  secondary  circuit,  while 
keeping  unchanged  the  total 
secondary  impedance  and  the 
primary  current  Ip,  In  gen- 
eral the  result  is  that  Is  and 
Ip  are  brought  into  closer  phase 
correspondence  with  Ib  and 
■^^  therefore  with  7p,  causing  the 
ratio  (Ip  -r-  Js)  to  be  increased 
and  the  phase  displacement  to 
be  reduced.  These  facts  also 
are  verified  by  the  characteristic 
^^Ep  curves  in  Fig.  184. 

The    secondary    circuit    of    a 
series  transformer,  especially  of 
an    instrument    transformer    of 
series    type,    should    never    be 
Eg  opened.     If  changes  of  connec- 

Fig.  187.  Current,  flux  and  volt-  tions  must  be  made,  first  place 
age  relations  in  the  current  a  short  circuit  across  the  sec- 
transformer  of  Fig.  185  when  ^^^j^^y  terminals.  The  trans- 
the  impedance  of  the  secondary  c  n      •  j    x 

circuit  is  incm««d  about  50%.  ^*"''"®'   ^^^"^  '^  a™nged  to 

give  a  small  value  of  secondary 

current  for  a  very  much  larger  value  of  primary  current,  — 

say,  in  the  ratio  of  5  amperes  to  500  amperes.    In  this  case, 

the  secondary  must  have  nearly  (though  not  exactly)  100  times 

as  many  turns  as  the  primary.    When  the  secondary  circuit  is 

opened  there  is  no  7s  and  no  counter  m.m.f.  in  the  magnetic 

circuit;  consequently,  all  of  the  ampere-turns  due  to  /p  go  to 

magnetize  the  core.     Thus,  in  Fig.  185,  Is  and  Ip  would  be 

reduced  to  zero,  and  Is  would  Ixx^ome  equal  to  I  p.    The  flux 
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would  thereby  be  increased  enormously,  and  as  a  result  of 
this  the  secondary  induced  e.m.f.  Es  would  likewise  be  in- 
creased enormously  — 
probably  to  a  value 
great  enough  to  kiU  the 
person  who  handled  the 
secondary.  We  may 
also  consider  that  the 
primary  acts  merely  as 
a  choke  coil  when  the 
secondary  is  opened  and 
the  counter  m.m.f.  is 
reduced  to  zero;  the  ^« 
voltage  drop  Ep  across 
the  primary  is  increased 
to  a  considerable  value 
on  account  of  the  in- 
crease of  <t>,  and  for 
every  single  volt  in-  Fig.  188.  Current,  flux  and  voltage  rela- 
crease   of   Ep    we  have      **°^  ^^  ***®  current  transformer  of  Fig. 

inn       U    /'"     fV>*  ^       186,  when  the  power-factor  of  the  second- 

ivA/  VOIDS  lui  vnis  case)  •     'j.  i_     i_      i         j 

^  '       ary  circuit  has  been  lowered. 

mcrease  of  Es*     More- 
over, the  core  losses  go  up  very  much  faster  than  the  flux 
and  flux  density;  consequently,  the  transformer  very  soon 
becomes  overheated. 

Prob.  78-4.  A  split-type  current  transformer  like  that  shown 
in  Fig.  183  has  a  rating  of  400  amperes  to  5  amperes,  when  the  pri- 
mary circuit  passes  once  straight  through  the  hole  in  the  core.  Ap- 
proximately what  will  be  the  reading  on  an  ammeter  with  5-ampere 
range  connected  to  the  secondary  terminals,  when  a  primary  circuit 
carrying  80  amperes  passes  4  times  through  the  core? 

Prob.  7S-4.  How  many  times  should  the  primary  circuit  be 
passed  through  the  core  in  the  transformer  of  Prob.  72,  in  order  that 
an  ammeter  of  5  amperes  range  may  indicate  in  the  middle  of  the 
range  when  used  to  measure  a  current  whose  value  is  100  amperes? 

Prob.  74-4.  A  current  transformer  of  20  : 1  ratio  and  a  poten- 
tial transformer  of  20  : 1  ratio  are  used  with  a  wattmeter  rated  5 
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amperes,  150  volts,  750  watts,  (a)  What  are  the  largest  permis- 
sible values  of  current  and  e.m.f.  in  the  primary  circuit?  (6) 
Neglecting  phase  displacements  due  to  the  transformers,  calculate 
what  number  of  kilowatts  will  be  indicated  by  the  wattmeter  when 
the  primary  circuit  delivers  80  amperes  at  2200  volts  (singl&-phase) 
and  80  per  cent  power-factor?  (c)  What  power  in  the  primary 
circuit  will  be  thus  represented? 

Prob.  7(ML  A  polyphase  wattmeter  consisting  of  two  distinct 
bingle-phase  wattmeters  combined  in  one  case  and  using  a  single 
moving  S3rstem  is  connected  to  a  three-phase  three-wire  circuit 
according  to  the  two-wattmeter  method  for  measming  power  (see 
Art.  41,  First  Course),  using  instrument  transformers.  If  each  of 
the  two  pressure  coils  in  the  wattmeter  is  rated  150  volts,  and  each 
of  the  two  current  coils  is  rated  5  amperes,  what  should  be  the  ratio 
(nearest  larger  multiple  of  5)  of  each  potential  transformer  and  of 
each  current  transformer  to  measure  200  kw.  with  6600  volts  be- 
tween line  wires,  at  a  power-factor  of  85  per  cent? 

Prob.  76-4.  (a)  If  we  desire  to  mark  a  new  scale  showing  pri- 
mary kilowatts  over  the  natural  or  true  scale  of  the  wattmeter 
of  Prob.  75,  what  factor  relates  the  two  scales  when  using  these 
instrument  transformers? 

(6)  If  the  phase  displacement  in  the  current  transformer  is  30 
minutes  (of  electrical  or  time  angle)  while  the  ratio  is  correct  as 
given  in  Prob.  75,  what  would  be  the  apparent  kw.  in  the  primary 
circuits  when  the  power  delivered  is  really  200  kw.?  Assume  the 
errors  of  the  potential  transformer  to  be  negligible. 

66.  Series  Transformer  for  Lighting  Circuits.  The  num- 
ber of  lamps  in  a  single  series  street-lighting  circuit  is  com- 
monly made  large  enough  to  require  50(K)  to  7500  volts. 
Many  mishaps  have  demonstrated  that  such  circuits  must  be 
kept  well  out  of  the  way  so  that  there  shall  be  no  likelihood  of 
people  touching  them.  Thus,  it  is  bad  practice  to  bring  an 
underground  series  circuit  up  into  the  base  of  a  lamp-post, 
where  the  cut-out  block  may  be  touched,  or  to  light  a  fire- 
alarm  box,  a  police  signal  box,  or  a  letter  box  from  a  series 
circuit.  Sometimes,  also,  it  is  desired  to  place  a  few  incan- 
descent lights  in  a  building  where  the  nearest  available  power 
supply  is  a  series  street-lighting  circuit.  For  all  such  cases  it 
is  possible  to  obtain  a  low-voltage  series  circuit  taking  power 
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from  the  high-voltage  Beries  circuit  although  electrically  insu* 
lated  therefrom,  by  means  of  a  specially  designed  type  of 
series  transformer. 

Such  series  transformers  are  manufactured  in  sizes  from  40 
to  2000  watts  to  change  from  one  to  another  of  any  of  the 
standard  values  of  current 
for  series  circuits.  Fig.  189 
shows  an  outline  of  one  of 
these  transformers  and  the 
electrical  connections.  The 
secondary  current  is  main- 
tained in  very  nearly  fixed 
ratio  to  the  primary  current, 
in  the  manner  explained  in 
Art.  65  for  instrument 
transformers.  Consequent- 
ly the  secondary  current  is 
maintained  as  nearly  con- 
stant as  the  primary  current 
by  the  same  regulating 
mechanism,  such  as  a  con- 
stant-current transformer. 
However,  the  secondary 
circuit  is  electrically  insu- 
lated from  the  primary,  and 
no  injury  can  result  to  a 
person  touching  the  second- 
ary, regardless  of  what  conditions  may  exist  on  the  primary 
circuit.  If  the  secondary  circuit  is  opened,  the  voltage  is  pre- 
vented from  rising  beyond  a  safe  value  by  reason  of  the  pecu- 
liar construction  of  the  magnetic  circuit.  The  sectional  area 
of  the  core  is  contracted  at  several  points  so  that  when  the 
counter  m.m.f.  due  to  secondary  current  is  reduced  to  zero, 
the  primary  ampere-turns  cannot  produce  an  excessive 
amount  of  flux  on  account  of  saturation  of  the  core  at  these 
contracted  parts.    Thus,  the  curve  in  Fig.  190  shows  that 


Fig.  189.  Series  transformer  for 
street  lighting.  A  aeoondary  series 
current  of  low  and  safe  voltage  is 
obtained  and  regulated  to  constant 
current  by  the  main  or  primary 
circuit  although  it  is  electrically  in- 
sulated therefrom.  The  General 
Electric  Co, 
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although  the  transfonner  regulates  to  within  about  2  per  cent 
of  ixmstant  rated  current  up  to  normal  full  load  or  100  per 


Fio.  190.  External  charftcteiistits  or  the  transformer  of  fig.  180,  show- 
ing that  it  regulates  within  2  per  cent  of  constant  current  between  full 
load  and  no  load  although  the  voltage  is  not  over  160  per  cent  of  normal 
when  the  secondary  circuit  ia  opened.  Full-load  secondary  volta^ 
is  taken  as  normal  voltage, 

cent  of  rated  secondary  voltage,  the  open-KUrcuit  voltage  of 
the  secondary  is  not  over  155  per  cent  of  normal  or  full-load 


Prob.  77-4.  A  series  arc-lighting  circuit  is  fed  from  a  constant- 
current  transformer  the  primary  of  which  has  one-fifth  as  many 
turns  as  the  secondary,  and  takes  power  from  2300-volt  constant- 
potential  single-phase  60-cycle  n[iain6.  If  you  were  to  break  the 
secondary  circuit  at  any  place  and  hold  the  broken  ends  in  your 
hands,  what  e.m.f.  would  act  upon  your  body? 

Prob.  T8-4.  A  22-kv-a,  constant-current  transformer  with 
characteristics  as  given  in  Table  VI  delivers  its  rated  full  load 
at  4  amperes  to  a  single  series  incandescent-lamp  circuit.  Con- 
sidering the  secondary  circuit  to  be  non-inductive,  calculate:    (a) 
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Terminal  voltage  of  secondaiy  circuit.  (6)  What  e.m.f.  would  act 
upon  the  body  of  a  man  who  while  standing  on  ground  touched  a 
point  distant  from  one  end  of  the  line  i  of  the  total  number  of 
lamps,  while  the  line  is  grounded  by  rubbing  against  the  limb  of  a 
tree  at  a  point  distant  from  the  other  end  of  the  line  }  of  the  total 
number  of  lamps?  The  resistance  of  the  latter  ground  connection 
is  1000  ohms  and  the  resistance  of  the  man's  person  from  hand  to 
ground  is  15,000  ohms. 

Prob.  79-4.  Assuming  that  the  curve  of  Fig.  190  represents 
the  performance  of  a  1000-watt  transformer,  and  that  the  load  is 
non-inductive,  draw  to  scale  curves  having  as  abscissas  the  wattage 
in  secondary  circuit  and  as  ordinates  the  following:  (a)  Voltage 
across  secondary  terminals.  (6)  Resistance  of  second£ury  external 
circuit. 

Prob.  80-4.  If  the  primary  cxurent  of  the  transformer  in  Prob. 
79  is  the  same  as  the  normal  secondary  current,  namely  5.5  amperes, 
calculate  what  must  be  the  approximate  equivalent  impedance  of 
the  transformer  when  the  secondary  circuit  is  opened. 


SUMMARY  OF  CHAPTER  IV 

TRANSFORMERS  ARE  SAID  TO  BE  «<  BANKED  "  OR  IN 
PARALLEL  when  their  primaries  are  connected  in  parallel  to 
the  same  line  and  their  secondaries  are  connected  in  parallel 
to  the  same  bus-bars.  Lower  total  kilovolt-ampere  capacity  is 
required  for  the  same  load  and  better  all-day  efficiency  is 
secured  than  when  transformers  are  operated  independently. 
The  cost  of  low-tension  transmission  system  and  the  character- 
istics of  the  connected  apparatus  limit  the  extent  to  which  this 
banking  can  be  successfully  and  economically  carried.  A  dis- 
advantage is  that  an  accident  to  one  transformer  will  generally 
interrupt  the  service  from  the  others  in  the  bank. 

PROPER  CONDITIONS  FOR  PARALLELING  TRANS- 
FORMERS. 

(a)  The  ratio  of  primary  to  secondary  voltage  should  be  the 
same  for  all  transformers  in  the  bank  and  the  terminals  of 
similar  polarity  only  should  be  connected  together.  Otherwise, 
large  local  currents  will  flow  whether  or  not  the  transformers 
are  connected  to  a  load,  and  the  load  will  be  poorly  distributed 
among  the  transformers. 

(6)  The  percentage  of  impedance  should  be  approximately 
the  same  for  all  the  transformers.  Otherwise,  the  transformers 
with  the  lower  impedance  will  be  compelled  to  carry  more  than 
their  share  of  the  load. 

(c)  The  ratio  of  the  resistance  to  the  impedance  should  be  the 
same  for  each  transformer.  Otherwise,  a  larger  transformer 
kv-a.  capacity  than  that  of  the  load  will  be  necessary.  The 
distribution  of  a  load  between  two  transformers  A  and  S  is 
according  to  the  equation 

Kv-a.  in  ^  _  %  impedance  of  A      Rated  kv-a.  of  ^ 
Kv-a.  in  ^      %  impedance  of  B      Rated  kv-a.  of  A 

THE  HIGH-TENSION  TERMINALS  OF  A  TRANSFORMER 
ARE  MARKED  A  and  B.  The  low-tension  terminals  are 
marked  X  and  T  with  the  positive  direction  from  X  to  F  if  the 
positive  direction  in  the  high-tension  side  is  from  A  to  B. 

TO  TEST  POLARITY  OF  TRANSFORMER  TERMINALS 
connect  a  low-tension  coil  in  series  with  a  high-tension  coil  and 
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note  by  voltmeter  reading  whether  the  voltage  across  the  com- 
bination is  lower  or  higher  than  the  voltage  across  the  high- 
tension  coil  alone.  If  higher,  unlike  pole's  (B  and  X,  or  A 
and  1^)  are  connected. 

AN  AUTOTRANSFORMER  has  the  secondary  winding 
partly  in  series  with  the  primary  winding.  Part  of  the  load  to 
the  receiving  circuit  is  supplied  directly  from  the  supply 
circuit,  the  remainder  is  supplied  indirectly  through  the  second- 
ary windings.  The  ratio  of  the  voltage  between  the  high- 
tension  terminals  to  the  voltage  between  the  low-tension 
terminals  is  approximately  equal  to  the  ratio  of  turns  in  the 
windings  between  the  respective  terminals.  In  the  form  of  an 
equation 

The  ratio  of  the  current  in  the  high-tension  coil  to  the  current 
in  the  low-tension  coil  equals  the  ratio  of  the  low-tension  volt- 
age to  the  high-tension  voltage  minus  the  low-tension  voltage. 

The  advantage  of  autotransformers  lies  in  the  greater 
efficiency  and  lower  cost  for  the  same  capacity.  These  ad- 
vantages are  very  marked  if  the  ratio  approaches  unity.  - 

The  chief  objection  to  autotransformers  is  the  fact  that 
greater  danger  to  life  and  property  is  incurred  because  the 
low-tension  coil  is  electrically  connected  to  the  high-tension 
coO. 

TRANSFORMER^  ON  POLYPHASE  SYSTEMS  present 
the  following  problems: 

(a)  Transformation  from  2  or  3  phases  at  a  given  voltage  into 
the  same  number  of  phases  at  some  other  voltage. 

(b)  Transformation  from  2  or  3  phases  at  a  given  voltage  into 
a  different  number  of  phases  at  the  same  voltage. 

(c)  Transformation  from  2  or  3  phases  at  a  given  voltage  into 
a  different  number  of  phases  at  a  different  voltage. 

(d)  Polyphase  transforming  systems  which  cannot  be  oper- 
ated in  parallel. 

(e)  Systems  in  which  all  phases  are  housed  in  a  single  **  poly- 
phase transformer "  as  distinguished  from  poljrphase  trans- 
forming systems  consisting  of  aggregates  of  separate  single- 
phase  transformers. 

TO  CHANGE  THREE-PHASE  AT  ONE  VOLTAGE  INTO 
THREE-PHASE  AT  ANOTHER  VOLTAGE  by  the  use  of  three 
separate  transformers,  four  combinations  are  possible. 
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(a)  High-tension  coils  F-connected;  low-tension  coils  T- 
connected. 

{b)  High-tension  coils  P-connected;  low-tension  coils  A- 
connected. 

(o)  High-tension  coils  A-connected;  low-tension  coils  K- 
connected. 

(d)  High-tension  coils  A-connected;  low-tension  coils  A- 
connected. 

It  is  possible  to  transform  from  one  three-phase  voltage  to 
another  three-phase  voltage  by  the  use  of  but  two  transformers. 
This  is  called  an  open-delta  or  a  F-connection.  Each 
transformer  of  a  F-connected  group  must  have  67.7  per  cent  of 
the  total  capacity  of  the  three-phase  load  when  balanced. 

TO  TRANSFORM  THREE  PHASES  TO  SIX  PHASES. 
Three  methods  are  possible.  The  first  two  are  in  common 
use  for  supplying  six-ring  synchronous  converters  with  power 
from  a  three-phase  line. 


(1)  Diametral  ar- 
rangement. 


(2)  Double-delta. 


(3)  RiuR  conneo- 
tion. 


TO  TRANSFORM  TWO-PHASE  TO  THREE-PHASE  or 
vice  versa,  two  similar  transformers  with  a  Scott  or  T-connection 
are  used.    If  this  diagram  represents  autotransformers,  two- 


(^rvsmm 


Scott  connection. 


phase  power  is  put  in  at  ah  and  edf  while  three-phase  power 
is  taken  out  at  ab^  be  and  ea;  or  vice  versa. 

The  diagram  may  also  represent  secondaries  of  on 
two-coil  transformers. 
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In  the  latter  case,  the  transformer  ab  must  have  capacity 
equal  to  67.7  per  cent  of  the  total  kv-a.  of  three-phase  power  de- 
livered, and  the  other  transformer  60  per  cent,  total  107.7 
per  cent. 

IF  SEVERAL  BANKS  OF  TRANSFORMERS  ON  THE 
SAME  SYSTEM  ARE  CONNECTED  IN  PARALLEL  on  one 
side,  then  to  connect  the  other  sides  in  parallel  the  connections 
must  be  such  that  the  voltage  between  any  two  lines  on  this  side 
will  have  the  same  phase  in  all  the  banks.  From  this  relation 
result  the  following  rules : 

(a)  With  YY  on  one  bank,  the  other  must  be  YY  or  AA. 

(b)  With  FA  on  one  bank,  the  other  bank  must  be  YA  or  A  Y. 
(e)  With  A  F  on  one  bank,  the  other  bank  must  be  A  For  FA. 
id)  With  A  A  on  one  bank,  the  other  bank  must  be  A  A  or  F  F. 
Even  when  these  relations  are  satisfied  a  short-circuit  will 

result  unless  the  three  phases  of  each  bank  are  connected  in 
the  proper  sequence.  (American  Handbook  for  Electrical 
Engineers.) 

THREE-PHASE  TRANSFORMERS  ARE  CONSTRUCTED 
by  combining  parts  of  the  magnetic  circuits  of  three  single- 
phase  transformers  so  as  to  form  a  single  structure.  A  saving 
of  approximately  16  per  cent  in  the  amotmt  of  iron  required  per 
kilovolt-ampere  of  three-phase  power  transformed  and  an 
increase  in  efficiency  of  from  0.16  to  0.40  per  cent,  as  well  as  a 
very  substantial  reduction  in  the  floor  space  required  per  kilo- 
volt-ampere of  transformer  capacity,  may  be  accomplished. 

There  are  three  types  of  three-phase  transformers,  —  core- 
tsrpe,  shell-type  and  hexagonal  type. 

FEEDER  VOLTAGE  REGULATORS  are  used  to  keep  the 
voltage  constant  within  ^^  per  cent  at  any  one  point  in  a  line  over  a 
wide  range  of  loads.  There  are  two  forms  of  this  device,  — 
the  Induction  type  and  the  Compensator  type. 

In  the  induction  regulator,  the  current  from  the  line  is  used 
for  setting  up  an  alternating  flux  in  a  movable  core.  This  core 
can  be  swung  either  manually  or  automatically  into  such  a 
position  that  the  flux  in  it  induces  an  alternating  e.m.f.  in  a 
secondary  coil  which  is  in  series  with  the  line.  This  induced 
e.m.f.  can  be  made  to  ''boost"  or  ''buck"  the  line  voltage 
sufficiently  to  keep  the  terminal  voltage  constant. 

The  compensator  regulator  is  merely  an  autotransformer 
with  the  secondary  in  series  with  the  line.  Taps  from  various 
points  on  the  secondary  allow  the  amount  of  "boosting"  or 
*'  bucking  "  to  be  controlled  by  means  of  a  special  switch  with 
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Bliding  contact.  This  type  is  more  rapid  in  action  and  more 
efficient  than  the  induction  type. 

A  CONSTANT-CURRENT  TRANSFORMER  attached  to  a 
constant-voltage  system  automatically  supplies  from  its  sec- 
ondary a  constant  current  to  a  series  lighting  system,  the  im- 
pedance of  which  varies  from  time  to  time  over  a  wide  range. 
This  transformer  is  so  constructed  that  any  increase  in  current 
in  the  load  circuit  to  which  it  is  attached  will  reduce  the  mutual 
flux  in  the  core  and  thus  reduce  the  secondary  voltage  and  re- 
store the  current  to  practically  its  former  value. 

INSTRUMENT  TRANSFORMERS  are  small  transformers 
for  stepping  down  the  voltage  or  the  current  from  the  line  or 
bus  bars  to  such  values  that  the  power  may  be  used  to  actuate 
meters  and  '< limit"  devices.  A  POTENTIAL  TRANSFORMER  is 
of  the  same  t3rpe  as  a  constant-voltage  power  transformer  and 
is  used  to  step  down  the  voltage.  A  CURRENT  OR  SERIES 
TRANSFORMER  is  used  to  reduce  the  current.  This  saves  ex- 
pense in  the  cost  of  the  measuring  instruments,  especially  in  the 
insulation  required  in  them.  The  danger  to  operators  is  like- 
wise lessened. 

The  ''  ratio  "  of  a  current  transformer  is  the  ratio  of  primary 
current  to  secondary  current.  Similarly,  the  "ratio"  of  a 
potential  transformer  is  the  ratio  of  primary  terminal  volts  to 
secondary  terminal  volts.  In  either  case,  the  ratio  of  turns 
is  somewhat  different 

The  ratio  of  a  current  transformer  generally  decreases  as 
the  load  (or  current)  increases.  The  secondary  current  is 
generally  out  of  phase  with  the  primary  current  by  a  fraction 
of  a  degree,  this  amotmt  becoming  greater  as  the  load  de- 
creases, and  as  the  power-factor  of  the  instrument  circuit  in- 
creases. These  variations  affect  principally  the  accuracy  of 
wattmeter  indications.  In  general  the  instruments  and  trans- 
formers should  be  calibrated  while  connected  together  as  used. 

CAUTION.  NEVER  OPEN  THE  SECONDARY  OF  A  SERIES 
TRANSFORMER.  IF  IT  IS  NECESSART  TO  CHANGE  CONNEC- 
TIONS, FIRST  SHORT-CIRCUIT  THE  SECONDARY  TERMINALS. 

SPECIAL  SERIES  TRANSFORMERS  ARE  USED  on  series 
lighting  circuits  to  lessen  the  danger  from  contact  with  high 
voltage.  By  contracting  the  core  at  one  or  two  places,  it  is 
possible  to  construct  transformers  of  this  type,  the  secondary 
of  which  can  be  opened  without  a  dangerous  rise  in  the  second- 
ary voltage. 


PROBLEMS  ON  CHAPTER  IV 

Prob.  81-4.  A  10-kv-a.  and  a  20-kv-a.  transformer,  each  of 
which  has  ratio  (of  turns)  5:1,  are  connected  in  parallel  to  a  motor 
which  takes  30  kv-a.  at  440  volts  and  0.87  power-factor.  The  first 
transformer  has  resistance  1.0  per  cent  and  impedance  4  per  cent; 
the  second  transformer  has  resistance  0.75  per  cent  and  impedance 
2  per  cent.  What  kv-a.  and  current  does  each  transformer  dehver, 
single-phase? 

Prob.  82--4.  Three  single-phase  transformers  with  equal  ratios 
of  10  : 1  are  connected  in  A  on  the  high-tension  side  to  a  2300-volt 
three-wire  three-phase  line.  Each  phase  of  the  low-tension  wind- 
ings suppUes  one  of  the  following  loads:  (1)  90  kw.  at  unity  power- 
factor,  (2)  60  kv-a.  at  0.8  power-factor,  (3)  30  kw.  at  60  per  cent 
power-factor.  Neglecting  losses  in  the  transformers,  what  is  the 
current  in  each  high-tension  line  wire? 

Prob.  8S-4.  It  is  desired  to  transform  200  kv-a.  from  two-phase 
at  2300  volts  to  three-phase  at  230  volts  by  Scott-connected  trans- 
formers. What  should  be  the  current  and  voltage  rating  and  the 
ratio  of  transformation  of  each  transformer? 

Prob.  84r-4.  If  three  autotransformers  be  connected  in  delta  to 
a  three-phase  line  with  2300  volts  between  line  wires,  what  is  the 
lowest  three-phase  voltage  that  may  be  obtained  with  synmietrical 
loading  of  all  wires,  and  where  should  each  autotransformer  be 
tapped  in  order  to  obtain  it? 

Prob.  8&-4.  Given  three  exactly  similar  autotransformers  as 
follows:  AiBi  with  tap  at  Ci;  A2B2  with  tap  at  C2;  A 3^3  with  tap 
at  Cz.  Connect  A2  to  Ci,  A3  to  Ct  and  Ai  to  Cs.  What  must  be  the 
AC  voltage  as  a  percentage  of  the  AB  voltage,  in  order  that  440 
volts  three-phase  may  be  obtained  from  the  junction  points  A2C1, 
A^2j  A1C3,  when  the  ends  Bi,  B2,  ^3  are  connected  to  a  2300-volt 
three-phase  line? 

Prob.  86-4.  Two  identical  transformers  each  rated  50  kv-a. 
2300/230  volts  and  having  2  per  cent  resistance  and  4  per  cent  im- 
f>edance,  each  have  additional  turns  and  taps  in  the  secondary  coils 
to  give  5  per  cent  and  10  per  cent  more  than  the  rated  voltage  (i.e., 
241.5  and  253  volts).  In  paralleling  these  transformers,  the  105 
per  cent  terminals  of  the  first  were  accidentally  connected  to  the  110 
per  cent  terminals  of  the  second.  Calculate  items  requested  in 
Prob.  7-4. 
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Prob.  87-4.  Perform  the  calculations  of  Prob.  10-4  on  the 
basis  of  data  given  in  Prob.  86-4. 

Prob.  88-4.  From  Fig.  110,  state  the  conditions  which  must  be 
fulfilled  to  bring  the  terminal  voltage  Et  into  phase  with  the  induced 
voltages  El  and  E2, 

Prob.  89-4.  The  1000-kv-a.  transformer  of  Example  7  (Chap. 
Ill)  is  connected  in  parallel  with  another  transformer,  rated  500 
kv-a.,  60  cycles,  110,000/22,000  volts.  The  constants  of  the  latter 
transformer,  obtained  from  test,  arc  as  follows:  Impedance  volts, 
2.5  per  cent;"  total  equivalent  IR  at  full  load,  0.5  per  cent;  imped- 
ance watts,  3000.  What  will  be  the  kv-a.  load  on  the  former  when 
the  latter  is  delivering  its  rated  load? 

Prob.  90-4.  How  many  henrys  of  inductance  must  be  con- 
nected in  series  with  the  low-tension  coil  of  each  transformer  in 
Example  1,  Chap.  IV,  in  order  that  no  part  of  the  kv-a.  capacity  of 
any  transformer  shall  be  wasted,  or  that  the  full  kv-a.  capacity  of 
all  transformers  shall  be  available  at  secondary  mains? 

Prob.  91-4.  The  fuse  on  transformer  A  of  Example  1  blows  out 
at  25  per  cent  overload.  At  this  time  what  is  the  total  kv-a.  taken 
from  secondary  mains,  and  what  per  cent  of  its  rated  load  will  each 
of  the  remaining  transformers  inunediately  be  called  upon  to  carry? 

Prob.  92-4.  The  transformer  of  Prob.  24-4  is  connected  as  fol- 
lows: Ai  to  Hi,  Bi  to  A2,  Bz  to  Xi  and  Li,  Fi  to  Fj,  Xj  to  L2  and  i/j. 
Answer  the  questions  of  Prob.  25-4,  assuming  the  same  core  flux. 

Prob.  93-4.  The  transformer  of  Prob.  24-4  is  connected  as 
follows:  Alto  Hi,  B I  to  .42,  B^  to  Xi,  Yi  to  X2  and  Li  and  Hz,  Fj  to 
Z/j.  Answer  the  questions  of  Prob.  25-4,  assuming  the  same  core 
flux. 

Prob.  94-4.  The  transformer  of  Prob.  24-4  is  connected  as 
follows:  Alto  Hi,  Bito  Xi  and  Li,  Yi  to  X2,  Fj  to  L2  and  Aj,  ft  to 
H2.  Answer  the  questions  of  Prob.  25-4,  assuming  the  same  core 
flux. 

Prob.  95-4.  The  transformer  of  Prob.  24-4  is  connected  as 
follows:  -4 1  to  Hi,  Bi  to  Xi  and  X2  and  Li,  Fi  and  Yt  to  Lz  and  At, 
Bz  to  Hz*  Answer  the  questions  of  Prob.  25-4,  assuming  the  same 
core  flux. 

Prob.  96-4.  The  transformer  of  PVob.  24-4  is  connected  as 
follows:  A\  and  Az  to  Hi,  Bi  and  ft  to  Li  and  Xi,  Fi  to  Xz^  Fj  to  L* 
and  Hz.  Answer  the  questions  of  Prob.  25-4,  assuming  the  same 
core  flux. 
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Prob.  97-4.  State  all  the  voltage  ratios  that  are  possible  to 
obtain  with  the  transformer  of  Prob.  24r4  and  the  corresponding 
larg^  kv-a.  output  that  may  be  delivered  to  secondary  maios 
without  endangering  the  transformer  in  any  way.  Do  not  include 
bucking  combinations. 

Prob.  98-4.  Draw  vector  diagrams  in  accordance  with  the  con- 
ventions indicated  in  Fig.  118  to  126,  corresponding  to  the  following 
connections  between  three  exactly  similar  single-phase  transformers 
{Hi,  Hx  and  Hi  represent  high-tension  line  wires;  Li^L^yLi  represent 
low-tension  mains) :  Bi  to  B2  to  B%\  Ay  to  H\y  A%  to  H%y  A%  to  H%\ 
Zi  to  X,  to  F,;  Yi  to  la,  Fi  to  La,  Z,  to  Li. 

There  being  2300  volts  between  any  two  high-tension  line  wires, 
and  10  : 1  ratio  in  each  transformer,  calculate  the  voltages  Li  to  Ls, 
L|  to  Lt,  L%  to  Li. 

Prob.  99-i.  Give  answers  requested  in  Prob.  98-4,  but  on  basis 
of  the  following  connections:  ili  to  ils  to  Bt;  Xi  to  Zs  to  Zt; 
Bx  to  Hi,  Bt  to  H2,  At  to  Ht;  Yi  to  Za,  Fa  to  Lj,  7,  to  L|. 

Prob.  100-4.  Give  answers  requested  in  Prob.  98-4,  but  <m 
basis  of  the  following  connections:  BitoB2to  H%;  A2  to  At  to  Hs; 
jBi  to  ill  to  Hi]  Yi  to  Yi  to  y,;  Xi  to  la,  Z,  to  U;  Z,  to  L,. 

Prob.  101-4.  Give  answers  requested  in  Prob.  98-4,  but  on 
basis  of  the  following  connections;  ^1  to  As  to  Hi;  ^3  to  As  to  H2; 
Bs  to  Ai  to  Hi;  Xi  to  Yi  to  Xz;  Fi  to  Za,  Zi  to  Lj;  Fi  to  Lb. 

Prob.  lOS-4.  The  high-tension  coils  of  the  transformers  specified 
in  Prob.  98-4  are  connected  as  follows  to  the  three-phase  2300-volt 
line:  Bi  to  B3  to  Hi;  At  to  A2  to  H2;  ft  to  Ai  to  Hi.  Specify  two 
proper  methods  for  connecting  the  secondaries  in  A,  and  draw  the 
corresponding  vector  diagrams  according  to  the  conventions  indicated 
in  Fig.  122  to  126. 

Prob.  103-4.  Specify  two  proper  methods  for  connecting  in  F 
the  secondaries  of  three  transformers  whose  primaries  are  connected 
as  in  Prob.  102-4  and  draw  the  corresponding  vector  diagrams. 

Prob. .  104-4.  The  transformers  of  Fig.  137  take  power  from  a 
13,000-volt  three-phase  line  to  drive  a  six-ring  converter  delivering 
600  volts  at  d-c.  terminals,  zero  load.  Calculate  e.m.f.  across  each 
high-tension  and  each  low-tension  coil. 

Prob.  105-4.  Answer  the  questions  of  Prob.  104  with  relation 
to  the  double-delta  connection  of  Fig.  138  for  the  same  converter. 

Prob.  106-4.  Draw  a  vector  diagram  to  illustrate  the  e.m.f. 
relations  that  would  be  obtained  if,  with  connections  completed 
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only  to  LiyLtfLgf  X%Ya  were  to  be  connected  directly  to  L4  in  Fig. 
138b.  Calculate  the  values  that  would  then  be  obtained  for  the 
e.m.f.'8  from  XaY^  and  X^Yt  to  converter  rings  Lt  and  Lt. 

Prob.  107-4.  If  in  Fig.  138,  with  connections  completed  prop- 
erly only  to  LifLzyLh,  XaY^  is  connected  to  Le,  calculate  the  e.m.f.'s 
from  X%Yi  and  X%Yi  to  rings  L2  and  L4. 

Prob.  108-4.  If  the  connections  of  the  second  delta  to  the  con- 
verter are  begun  incorrectly  as  represented  at  A  in  Fig.  139,  what 
will  be  the  e.m.f.  (expressed  as  percentage  of  the  delta  voltage) 
existing  between  the  remaining  points  which  are  supposed  to  be 
connected  together,  namely  Lt  to  ^21^4  and  L4  to  XiYtf 

Prob.  10^-4.  Six  unmarked  wires  which  are  supposed  to  be- 
long to  a  six-phase  system,  come  to  you  through  a  conduit.  De- 
scribe how  you  would  proceed  to  determine,  by  means  of  voltmeter 
only,  whether  a  correct  six-phase  sjrstem  can  be  obtained  from  these 
wires,  and  how  each  wire  should  be  numbered  so  that  the  consecu- 
tive phases  should  be  between  consecutively  numbered  wires. 

Prob.  110-4.  Having  determined  that  six-phase  can  be  obtained 
from  the  six  wires  of  Prob.  109-4,  and  having  tagged  these  wires 
with  numbers  1,  2,  3,  4,  5  and  6  in  proper  sequence,  describe  how 
you  would  proceed  to  connect  them  to  the  six  rings  of  a  converter 
so  as  to  avoid  possibility  of  mishap. 

Prob.  111-4.  Find  whether  it  is  possible  to  connect  together 
the  six  secondary  coils  of  Fig.  133  and  134  in  such  manner  as  to 
obtain  a  two-phase  system  —  i.e.,  two  equal  voltages  with  90®  phase 
difference  between  them.  If  it  can  be  done,  specify  the  connection 
and  draw  the  corresponding  vector  diagram. 

Note.  Each  transformer  in  Prob.  1x2, 113, 114,  Z15,  xz6, 1x7  and  118 
has  separate  coils  for  primary  and  secondary.    Not  autotransfonners. 

Prob,  112-4.  We  desire  to  draw  150  kv-a.  three-phase  at  220 
volts  from  a  two-phase  2200-volt  line  by  means  of  two  single-phase 
transformers,  with  secondaries  tapped  for  T-connection  as  shown 
in  Fig.  140.  Assuming  that  two  (2)  volts  are  induced  in  each  turn 
of  every  coil,  draw  a  complete  sketch  of  connections  and  mark  the 
number  of  turns  in  each  coil  or  part  of  coil. 

Prob.  113-4.  Calculate:  (a)  the  number  of  amperes  flowing  in 
each  coil  or  part  of  coil  in  Prob.  112-4,  (6)  the  kv-a.  rating  of  each 
transformer,  and  (c)  total  kv-a.  rating  of  transformers  required. 

Prob.  114-4.  If  coils  ab  and  cd  in  Fig.  140  are  the  secondaries 
of  transformers  each  of  which  has  a  rating  of  100  kv-a.,  how  many 
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kv-a.  of  single-phase  load  can  be  taken  in  phase  A  9,  phases  Bs  and 
Cz  being  unloaded? 

Prob.  115-4.  If  coils  ab  and  cd  in  Fig.  140  are  the  seconda- 
ries of  transformers  each  of  which  has  a  rating  of  100  kv-a.,  how 
many  kv-a.  of  single-phase  load  can  be  taken  in  phase  Bz^  phases 
A%  and  Ca  being  unloaded? 

Prob.  11&-4.  If  coils  ab  and  cd  in  Fig.  140  are  the  seconda- 
ries of  transformers  each  of  which  has  a  rating  of  100  kv-a.,  what 
total  number  of  kv-a.  equally  divided  between  phases  be  and  ea 
may  be  taken  from  the  three-phase  terminals,  phase  ab  being  un- 
loaded?   Power-factor  of  loads  is  100  per  cent. 

Prob.  117-4.  Solve  Prob.  1 16-4  on  the  aasmnption  that  the  total 
output  is  equally  divided  between  phases  ab  and  &e,  at  unity  power- 
factor,  the  third  phase  ea  being  unloaded. 

Prob.  118-4.  The  three-phase  terminals  of  the  transformers  of 
Prob.  lld-4  are  loaded  as  follows:  Phase  06,  50  kv-a.  at  87  per  cent 
power-factor;  Phase  be,  50  kw.  at  80  per  cent  power-factor.  How 
many  kw.  at  60  per  cent  power-factor  can  be  taken  from  phase  ea 
without  causing  the  current  to  be  excessive  in  any  part  of  either 
transformer? 

Prob.  119-4.  The  loads  on  the  system  of  Fig.  147,  using  trans- 
formers as  specified  in  Prob.  46-4  and  47-4,  are  as  follows:  /i  =  2 
kv-a.  at  90  per  cent  power-factor,  /»  =  2  kv-a.  at  80  per  cent  power- 
factor.  How  many  kv-a.  at  60  per  cent  power-factor  may  be  taken 
at/,? 

Prob.  120-4.  Using  the  data  of  Prob.  47-4  under  the  conditions 
of  Prob.  119-4  calculate  the  voltages  HiHj,  HjHs  and  HsHi  re- 
spectively. 

Prob.  121-4.  The  loads  on  the  system  of  Fig.  147,  using  trans- 
formers as  specified  in  Prob.  46-4  and  47-4,  are  as  follows:  /i  =  2 
kv-a.  at  90  per  cent  power-factor,  I2  =  zero.  Assume  2300  volts 
on  each  phase,  high-tension,  (a)  How  many  kv-a.  may  be  taken 
at  Iz  at  90  per  cent  power-factor?    (6)  At  60  per  cent  power-factor? 

Prob.  122-4.  Calculate  the  voltages  ^1,  E^,  Ez  between  sec- 
ondary mains  imder  the  conditions  of  part  (a)  of  Prob.  121-4. 

Prob.  12S-4.  Calculate  the  voltages  Ei,  E^,  E%  between  sec- 
ondary mains  under  the  conditions  of  part  (&)  of  Prob.  121-4. 

Prob.  124r4.  Three-phase  core-type  transformers  cannot  be 
operated  three-phase  with  a  short-circuit  on  any  phase.    Explain: 
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(a)  What  would  happen  if  it  were  so  operated.  (6)  The  reason  for 
the  difference  of  behavior  between  core-type  and  shell-type  three- 
phase  transformers  in  this  respect. 

Prob.  126-4.  In  assembling  the  transformer  of  Fig.  163,  phase 
No.  3  is  accidentally  reversed,  B%  being  connected  to  neutral  with 
ill  and  Bi,  What  fluxes  will  thereby  be  changed  in  value,  and  by 
what  percentage  of  their  normal  values  respectively? 

Prob.  126-4.  In  assembling  the  transformer  of  Fig.  160,  phase 
No.  3  is  accidentally  reversed,  Bi  being  connected  to  neutral  with 
ill  and  A2.  What  fluxes  will  be  thereby  changed  in  value,  and  by 
what  percentage  of  their  normal  values  respectively? 

Prob.  127-4.  On  account  of  failure  in  phase  No.  3  of  Fig.  160 
this  coil  (NBt)  is  disconnected  and  short-circuited  upon  itself,  while 
the  other  connections  and  the  line  voltages  remain  unchanged. 
Describe,  quantitatively  where  possible,  any  changes  which  will 
occur  in  fluxes  or  exciting  currents. 


•     CHAPTER  V 
SHORT  TRANSMISSION  AND  DISTRIBUTING  LINES 

The  fundamental  ideas  in  the  transmission  and  distribu- 
tion of  electrical  power  may  best  be  understood  by  consid- 
ering an  actual  installation.  Thus  let  us  suppose  that  a 
town  can  utilize  1200  kw.  at  0.80  power-factor  for  3000 
hours  per  year,  and  that  it  is  situated  ten  miles  from  water 
power.  Naturally,  at  this  source  of  power  is  the  most  eco- 
nomic place  to  locate  the  generating  station.  Our  problem 
then  is:  What  is  the  most  practicable  electric  transmission 
system  to  instaU  and  what  are  the  main  characteristics  and 
peculiarities  of  the  system? 

66.  Most  Economical  Size  of  Wire,  Single-phase  Line. 

1.  Voltage.  The  choice  of  voltage  is  more  or  less  arbi- 
trary, —  the  engineer  always  trjdng  to  use  as  high  a  voltage 
as  conditions  permit.  Better  methods  of  insulating  both 
line  and  machines  are  continually  raising  the  voltage  at 
which  power  may  be  most  economically  transmitted  over 
given  distances.  The  expense  of  insulating  the  line  and 
the  apparatus  connected  to  it  increases  rapidly  as  we  choose 
higher  voltages.  Of  course,  the  cost  of  the  copper  in  the 
circuit  goes  down  rapidly  at  the  same  time,  as  the  high 
voltages  enable  us  to  transmit  the  same  power  with  the  same 
loss  over  smaller  wires.  Above  a  certain  voltage,  the  diffi- 
culty and  expense  of  insulating  increases  faster  than  the 
cost  of  the  copper  decreases,  so  that  the  total  cost  of  trans- 
mission would  be  increased  by  raising  the  voltage  any 
further.  The  limiting  pressure  at  which  this  occurs  is  being 
continually  raised  by  improvements  in  the  manufacture  of 
insulation,  which  make  good  insulation  cheaper,  or  insula- 
tion of  a  given  cost  much  stronger.  At  the  present  time 
this  economical  limit  is  about  140,000  volts,  but  there  are 

prospects  that  it  will  go  higher. 
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An  old  "thumb  rule"  which  may  be  used  for  moderate  dis- 
tances is  ''  1000  volts  to  the  mile."  *  That  is^  a  two-mile  line 
would  be  constructed  to  operate  at  approximately  2000 
volts,  a  ten-mile  line  at  10,000  volts,  etc.  The  following 
voltages  have  become  standardized  by  practice: 

2200  to  2400,  6000  to  6900,  11,000,  13,200  to  13,800, 
22,000  to  24,000,  33,000,  44,000,  66,000,  88,000,  110,000, 
140,000  to  150,000. 

Accordingly,  we  may  choose  11,000  volts  as  a  practicable 
pressure  at  which  to  transmit  power  over  the  10  miles  re- 
quired by  this  problem. 

2.  Alternating  or  Direct  Current.  In  America  there  are 
practically  no  industrial  direct-current  systems  of  a  voltage 
higher  than  600  volts.  This  fact  leads  to  the  choice  of 
alternating  current. 

8.  Frequency.  There  are  at  present  two  standard  frequen- 
cies in  this  country,*  25  cycles  and  60  cycles.  Installations 
of  60  cycles  are  more  numerous,  but  the  tendency  is  toward 
the  lower  frequency  on  account  of  the  following  advantages: 

(1)  Lower  iron  losses  in  the  generating  machines  as 
pointed  out  in  Art.  4  and  38  of  this  book. 

(2)  Less  ''charging  current"  taken  by  the  transmission 
line  as  will  be  explained  in  Chapter  VI. 

*  This  rule  apparently  is  based  on  the  fact  that  1000  volts  per  mile 
is  the  most  economical  voltage,  allowing  2  per  cent  line  orop,  10  per 
cent  interest  and  depreciation,  3000  hours  use  per  year,  and  line  of 
copper  wire  at  a  cost  per  pound  of  14  times  the  cost  of  power  per  kw-hr. 
A  voltage-distance  table  of  actual  installations  taken  at  random  is  given 
below. 


DistaDoe. 
miles. 

Voltage. 

Dislanoe, 
miles. 

Voltace. 

Distance, 
miles. 

Voltace. 

7 
44 

144 

11.000 

50,000 

100,000 

8 

29 

108 

11.000 

50.000 

100,000 

6 
84 

11.000 
60,000 

For  a  full  discussion  of  the  choice  of  voltage  see  Still,  "  Overhead  Electric  Power 
Transmission." 
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(3)  Lower  speed  for  machines  of  the  same  number  of 
poles  as  explained  in  Art.  65.     (First  Course.) 

However,  because  at  present  it  is  the  more  conmion  fre- 
quency for  electric-lighting  loads  on  account  of  the  freedom 
from  flickering,  we  will  select  60  cycles.  We  must  then  em- 
ploy at  the  receiving  end  the  frequency  of  the  central  station, 
unless  we  wish  to  use  an  auxiliary  machine  known  as  a 
'•frequency  changer." 

4.  Size  of  Line  Wire.  Single-phase.  Having  decided  to 
use  an  alternating-current  system  of  60  cycles  and  11,000 
volts,  the  size  of  the  conductors  will  depend  upon  whether 
we  employ  a  single-phase  or  a  three-phase  system.  It  will 
be  shown  later  that  the  three-phase  system  possesses  a  great 
advantage  over  the  single-phase,  and  this  would  probably 
be  chosen.  However,  for  the  sake  of  completeness,  we  will 
consider  the  single-phase  first,  and  then  take  up  the  "three- 
phase  system  and  compare  the  two. 

The  choice  of  voltage,  frequency  and  size  of  wire  is  de- 
termined primarily  by  the  amount  of  capital  that  must  be 
invested  in  the  plant  to  install  and  to  operate  it.  This  is 
most  clearly  seen  in  the  method  in  common  use  to  deter- 
mine the  size  of  wire.  The  conductor  should  always  be  of  such 
a  size  that  it  results  in  the  lowest  total  annual  expense.  This 
annual  expense  consists  of  two  items: 

(1)  Fixed  charges,  which  include 

(a)  Interest  on  the  money  invested  in  the  line. 

(b)  Taxes  and  depreciation  in  the  value  of  the  line. 

(2)  Value  of  Energy  lost  in  line. 

Perhaps  the  clearest  plan  is  to  tabulate,  as  in  Tables  I,  II 
and  III,  the  cost  of  transmitting  by  several  sizes  of  wire, 
under  identical  conditions,  and  to  pick  out  the  size  showing 
the  lowest  total  cost. 

Our  problem,  then,  is  to  select  the  most  economical  size 
of  copper  wire  to  transmit  1200  kw.,  single-phase,  80  per  cent 
power-factor,  at  11,000  volts  at  the  receiving  end.  This 
power  is  to  be  delivered  steadily  for  3000  hours  per  year. 
These  figures  are  fairly  representative  of  modern  practice. 


326  ALTERNATING-CURRENT  ELECTRICITY 

The  length  of  the  line  is  10  miles,  the  length  of  wire  re- 
quired, 20  miles. 

Let  us  start  with  a  No.  000  gauge,  stranded  copper  wire, 
and  compute  the  cost.  According  to  the  Wire  Table  I,  Ap- 
pendix B,  20  miles  of  this  wire  would  weigh 

20  X  2740  =  54,800  lbs. 

The  cost  of  wire  for  a  transmission  line  (except  for  very 
large  sizes)  is  proportional  to  the  weight  of  the  conductor. 
The  cost  per  pound  for  installed  wire  would  depend  upon 
market  price  of  metals,  which  fluctuate  widely,  and  also 
upon  cost  of  transportation  and  of  labor.  Assume  that  con- 
ditions are  such  that  20  cents  per  pound  installed  would  be 
a  fair  average  price. 

The  cost  of  No.  000  conductor  would  then  be  •► 

54,800  X  $0.20  =  $10,960. 

On  this  sum  we  must  allow  yearly  interest  at  5  per  cent; 
in  addition,  the  annual  taxes  and  depreciation  would  ap- 
proximate 3.5  per  cent. 

The  fixed  charges  would  then  amount  to  3.5  4-  5  =  8.5 

per  cent. 

0.085  X  $10,960  =  $932.00. 

The  power  loss  in  the  line  would  be  the  PR  loss  of  the  line. 

The  apparent  power  delivered  would  be 

1200      .  _^ , 
-jr-^  =  1500  kv-a. 

The  current  (with  pressure  of  11,000  volts  at  the  load  end 
of  the  line)  would  be: 

1,500,000      .^^. 

The  resistance  (from  Table  I,  Appendix  B)  of  20  miles  of 

No.  000  wire 

=  20  X  0.328  =  6.56  ohms. 
Power  loss  =  PR 

=  136.42  X  6.56 
=  121,900  watts 
=  121.9  kw. 
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The  total  energy  lost  per  year  would  then  amount  to 

121.9  X  3000  =  366,000  kw-hr. 

At  a  conservative  estimate  of  1  cent  per  kw-hr,  the  energy 
lost  in  the  line  per  year  would  cost 

366,000  X  $0.01  =  $3660.00. 

The  total  cost  per  year  due  to  the  transmission  line  would 
be  the  sum  of  the  fixed  charges  and  the  line  loss. . 

$932.00  +  3660  =  $4592.00. 

If  we  compute  in  the  same  way  the  annual  cost  of  a 
No.  0000  transmission  line,  we  find  (see  Table  I)  that,  while 
the  cable  costs  more  and  thus  the  interest,  taxes  and  depre- 
ciation are  more  every  year,  the  cost  of  the  power  lost  in 
the  line  is  so  much  less  that  the  total  annual  cost  falls  to 
•4069. 

TABLE  I 

Relattve  Costs  of  TRANSMimNa  Power  oyer  Conductors  of 
Different  Sizes,  Other  Conditions  Being  the  Same 


No.  000 
stranded. 

No.  0000 
stranded. 

250,000 

cir. 

mils. 

300,000 

cir. 

mils. 

350,000 

cir. 

mils. 

400.000 

cir. 

mils. 

460,000 

cir. 

mils. 

Cost  of  20  miles  of  wire 
at  aO^  par  lb 

1 

10.900 
«31 

3.660 
4,591 

1 

13.880 
1,179 

2.890 
4.009 

1 

16,360 
1.390 

2.416 
3,806 

1 

19,560 
1,663 

2.064 
8.727 

1 

22.900 
1.960 

1,774 
t,T84 

1 

26,280 
2.283 

1,633 
3,766 

1 

29,880 
2,540 

1,366 
8,906 

Annual  fixed  charges 
at  8^%  of  wire  cost.. 

Annual  ooet  of  energy 
lost  in  line  at  U  per 
kw-hr 

Total  annual  ooet  of 
tianamisBion 

As  we  continue  to  increase  the  size  of  the  wire,  the  fixed 
charges  continue  to  increase  and  the  cost  of  power  lost  in 
the  line  continues  to  decrease.  However,  the  fixed  charges 
increase  more  rapidly  than  the  cost  of  line  loss  decreases, 
so  that  the  total  expense  does  not  continue  to  decrease  in- 
definitely, but  reaches  a  minimum  value  at  a  definite  size 
of  wire.  The  total  annual  cost  of  any  wire  smaller  than 
this  size  will  be  greater. 
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TABLE  II 

Relative  Costs  of  TRANSicnTiNa  Power,  Using  Conductors 

OF  Different  Sizes 

Cost  of  copper  being  double  that  of  Table  I 


No.  000 
stranded. 

No.  0000 
stranded. 

250.000 

cir. 

mils. 

300,000 

cir. 

mils. 

350,000 

cir. 

mils. 

400.000 

dr. 

mils. 

450.000 
dr. 

mils. 

t 

59.760 
5.06O 

1.305 
6.445 

Cost  of  20  piLlesor  wire 
at  40^  per  lb 

t 

21.920 

1.862 

3.660 
5.522 

t 

27,760 
2.358 

2.890 
5.248 

t 
32.720 
2.780 

2.416 
54M 

t 
39.120 
3.325 

2.064 
5.389 

t 
45.920 
3.900 

1.770 
5.670 

t 
52.560 
4.466 

1.533 
5.909 

Annual  fixed  charges 
at  8.5%  of  wire  cost.. 

Annual  cost  of  energy 
lost  in  line  at  \i  per 
kw-hr 

Total  annual  ooet  of 
tranBmlasion 

TABLE  III 

Relative  Cost  of  TRANSMimNG  Power,  Using  Conductors  of 

Different  Sizes 

Cost  of  energy  double  that  of  Table  I 


Cost  of  20  mi.  of  wire  at 
20ff  per  lb 

Annual  fixed  charge  at 
8.5%  of  wire  cost 

Annual  cost  of  energy  lost 
in  line  at  2ff  per  kw-hr. . . 

1  otal  annual  cost  of  trans- 
mission 


No.  000 
stranded. 


S 

10,960 
931 

7,320 

8,251 


No.  0000 
stranded. 


S 

13,880 

1,179 

5,780 
6,959 


250.000 
cir.  mils. 


S 

16,360 

1,390 

4,832 
6,222 


300.000 
dr.  mils. 


$ 

19,560 

1,663 

4,128 
5,791 


350.000 
cir.  mils. 


$ 

22,960 

1,950 

3,540 
5,490 


Cost  of  20  mi.  of  wire  at  20fi  per  lb. 
Annual  fixed  charges  at  8.5%  of 

wire  cost 

Annual  cost  of  energy  lost  in  line 

at  2i  per  kw-hr 

Total  annual  cost  of  transmission 


400.000 
cir.  mils. 


% 

26,280 

2,233 

3,066 
5,299 


450,000 
cir.  mils. 


S 

29,880 

2,540 

2,730 
5,270 


500.000 
cir.  mils. 


$ 

32,840 

2,790 

2,478 
ft,M8 


550.000 
dr.  mils. 


$ 

36,080 

3,070 

2,230 
5,300 
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According  to  Table  I,  the  wire  which  shows  the  smallest 
annual  cost,  $3724,  is  one  of  350,000  cir.  mils  area.  The 
next  smaller,  300,000  cir.  mils,  would  cost  $3727  per  year, 
while  the  next  size  larger,  400,000  cir.  mils,  would  cost  $3766 
per  year. 

It  will  also  be  seen  from  a  study  of  the  three  tables  that 
the  lowest  total  annual  expense  always  occurs  when  the 
fixed  charges  on  the  line  become  most  nearly  equal  to  the 
yearly  cost  of  energy  lost  in  the  line.  It  will  be  noted  that 
the  fixed  charges  exceed  the  cost  of  energy  lost  for  all  sizes 
larger  than  the  most  economical;  but  for  all  sizes  smaller 
than  the  most  economical,  the  cost  of  lost  energy  exceeds  the 
fixed  charges.  By  making  use  of  the  fact  that  the  fixed 
charges  should  about  equal  the  cost  of  lost  energy  we  may 
arrive  at  the  most  economical  size  without  many  trials. 

Note  from  a  comparison  of  Tables  I  and  II  and  Curves 
I  and  II  in  Fig.  191  drawn  from  the  data  in  the  tables,  that 
a  higher  price  for  copper  causes  it  to  be  more  economical  to 
use  a  smaller  wire.  In  this  case.  Table  II  is  for  copper  wire 
at  double  the  price  used  in  Table  I.  Doubling  the  price  of 
copper  makes  it  more  economical  to  use  a  250,000  cir-jnil 
wire,  instead  of  a  350,000  cir-mil  wire.  The  total  annual 
expense,  however,  is  higher  than  when  copper  is  cheaper. 

Note  from  a  comparison  of  Tables  I  and  III  and  Curves 
I  and  III,  that  a  higher  price  per  kilowatt-hour  for  energy 
makes  it  more  economical  to  use  a  conductor  of  larger  size, 
—  doubling  the  energy  cost  makes  it  more  economical  to 
use  a  wire  of  500,000  cir.  mils  rather  than  the  one  of  350,000 
cir.  mils.  Here  again  the  lowest  annual  expense  is  greater 
than  when  power  is  cheaper. 

The  Tables  and  the  Curves  of  Fig.  191  show  that  there  is 
no  practical  need  of  very  precise  computations  for  the  de- 
termination of  the  most  economical  size  of  wire.  The  curves 
are  all  very  flat  in  the  region  of  the  most  economical  size, 
and  a  choice  of  any  one  of  two  or  three  sizes  in  the  vicinity 
of  the  minimum  cost  will  not  result  in  any  appreciable 
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§     § 

t   %    i   i   i   %    i 

Area  of  Cable  in  Circular  Mils. 


§    § 


Fig.  191.  Relation  between  the  size  of  the  cable  and  the  total  annual 
cost  charged  to  the  transmission  line.  Note  the  flatness  of  the  curves 
at  the  lowest  points,  and  the  increased  steepness  of  the  parts  farther 
away  from  the  lowest  points. 
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diflference  in  the  total  cost.  However,  as  we  go  farther 
away  on  either  side  of  the  most  economical  size,  the  cost 
begins  to  increase  rapidly.  It  is  worth  while,  therefore,  to 
make  the  above  approximate  calculations.  Furthermore, 
the  above  solution,  however  precisely  the  mathematics  may 
be  done,  is  only  approximate,  there  being  other  items  of 
cost  to  be  considered  in  the  final  selection  of  size  of  wire 
besides  the  cost  of  installed  cable  and  the  cost  of  lost  energy. 
There  are  also  the  annual  charges  on  the  additional  cost  of 
generating  and  transforming  equipment  required  to  handle 
the  power  that  will  be  lost  in  the  line,  and  the  fixed  charges 
on  the  additional  cost  of  poles  and  insulators  due  to  change 
in  the  size  of  wires.  The  cost  per  pound  of  the  wire  itself 
often  becomes  more  for  sizes  larger  than  500,000  cir.  mils 
because  each  cable  is  split  up  into  two  or  more  parallel 
cables  for  convenience  in  handling  and  because  heavier  pole 
construction  may  be  required. 

The  form  of  the  load  curve  also  should  be  taken  into  account 
when  computing  the  line  loss.  The  energy  annually  lost  in 
the  line  is  proportional  to  the  "square  root  of  the  mean 
square"  of  current  delivered  throughout  the  year.  For  the 
same  average  power  delivered,  therefore,  the  line  loss  may 
vary  between  wide  limits,  as  we  change  the  daily  and  an- 
nual load  curves  or  schedules.* 

Prob.  1-6.  If  it  were  decided  to  transmit  the  power  in  the 
above  example  at  22,000  volts,  what  would  be  the  most  economical 
size  of  wire?  Copper  conductor  in  place  costs  20  cents  per  pound. 
Energy  costs  1  cent  per  kw-hr.  and  all  other  data  the  same  as  in 
the  above  example. 

Prob.  i-6.  If  the  line  in  Prob.  1  were  to  be  constructed  of 
aluminum,  what  would  be  the  most  economical  size?  Compare 
total  annual  cost  of  transmission  by  the  aluminum  line,  with  the 
corresponding  cast  by  the  copper  line  of  Prob.  1.  Aluminum  weighs 
0.304  as  much  as  copper,  has  1.61  times  the  mil-foot  resistance  and 
costs  1.7  times  as  much,  say  35  cents  per  pound,  installed. 

*  For  a  method  of  determining  the  annual  line  loss,  see  "Standard 
Handbook  for  EUectrical  Engineers,"  Sec.  12-234. 
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Prob.  3-6.  (a)  What  per  cent  of  the  power  transmitted  is  lost 
in  the  line  in  the  example  in  the  text,  using  the  most  economical 
size  of  conductor? 

(6)  In  Prob.  1? 

(c)  In  Prob.  2? 

67.  Voltage  Drop  in  Line.  Line  Regulation.  Before 
we  can  definitely  decide  to  install  a  line  with  conductors  of 
a  given  size,  it  is  always  well  to  see  that  the  voltage  varia- 
tion at  the  receiving  end  is  not  excessive  between  a  no-load 
and  a  full-load  condition.  When  a  load  is  put  on  a  line  the 
voltage  across  the  receiving  end  falls,  on  account  of  the 
pressure  consumed  in  overcoming  the  voltage  reactions  along 
the  line  due  to  the  current.  It  is  necessary  to  define  some 
standard  way  of  stating  the  magnitude  of  this  loss  of  voltage. 
The  method  is  tg  determine  the  voltage  at  the  receiving  end 
with  non-inductive  full  load  on  the  line.  Then  determine 
the  voltage  when  the  load  is  removed,  meanwhile  keeping 
the  impressed  voltage  constant  at  the  sending  end  of  the  Une. 
The  difference  between  these  voltages  is  called  the  regulation 
of  the  line.  The  percentage  regulation  is  the  percentage  which 
the  change  in  voltage  is  of  the  normal  rated  voltage  at  the 
receiving  end. 

Thus,  per  cent  line  regulation 

__  (No-load  volts)  -  (full-load  volts) 

(Full-load  volts)  ^  ^^  P^^  ^^""^ 

(at  unity  power-factor). 

Unless  otherwise  stated,  the  load  must  be  non-inductive  and 
the  voltage  at  the  sending  end  of  the  line  must  remain  unchanged. 

Good  regulation  for  a  power  load  ranges  between  5  and 
10  per  cent.  For  a  lighting  load  it  should  never  oxceed 
5  per  cent  and  does  not  usually  exceed  3  per  cent. 

Let  us  test  the  regulation  of  the  10-mile  line  of  Ex- 
ample 1,  using  the  most  economical  copper  wire,  —  350,000 
cir.  mils. 

If  the  power  were  direct-current,  the  process  would  be 
simple,  as  follows: 
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Voltage  at  full  load  =  11,000  volts. 

„  „ ,     ,  ^  1,200,000      -^ 

Full-load  current    '     JL^    =  109  amperes. 

Besistance  of  line  =  3.18  ohms  =  20  X  0.159. 

(See  Table  I,  Appendix  B.) 

Line  drop  =  3.18  X  109. 

=  347  volts. 

Volts  at  sending  end  =  11,000  +  347  =  11,347  volts. 

Volts  at  load  end,  at  no  load  =  11,347. 

Line  regulation  for  direct  current 

^11,347-11,000^ 
11,000 

This  line,  we  see,  would  have  a  suflSciently  good  regulation 
for  a  direct-current  system. 

We  will  now  determine  the  regulation  of  the  same  line 
when  it  carries  alternating  current.  Alternating  current  has 
to  overcome,  not  only  the  resistance  of  the  line  wires,  but 
also  their  inductive  reactance.  Thus  the  line  drop  in  a 
circuit  carrying  alternating  current  is  usually  greater  than 
if  the  same  circuit  were  carrying  direct  current,  and  there- 
fore the  regulation  would  be  poorer.  It  would  be  good 
practice  to  string  the  wires  of  a  11,000-volt  circuit  about  30 
inches  apart.*  The  reactance  of  the  circuit  at  60  cycles 
may  be  foimd  from  the  equation  given  in  Chapter  V,  First 
Course.  It  is  usually  taken,  however,  from  tables  computed 
by  means  of  this  equation.  From  Table  III,  Appendix  B, 
we  find  that  for  350,000  cir-mil  cables  strung  30  inches  apart: 

The  reactance  per  mile  of  single  wire      =  0.591  ohms. 

The  reactance  of  20  miles  of  cable  =  20  X  0.591 

=  11.82  ohms. 

The  cuirent  for  a  non-inductive  full  load  =    '^^  JL^ 

=  109  amperes. 

*  See  Curve  (I)  in  Appendix  B  for  good  practice  as  to  distance  be- 
tween wires. 
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The  reactance  drop  then  =  E^ 

=  11.82  X  109 
=  1290  volts. 

There  would  thus  be  a  line  drop  of  347  volts,  as  in  direct- 
current  power,  due  to  the  resistance  of  the  wires,  and  a  line 
drop  of  1290  volts  peculiar  to  alternating-current  power, 
due  to  the  reactance  of  the  line.  The  sending  voltage  must 
therefore  be  great  enough  to  supply  these  line  drops  and 
leave  11,000  volts  at  the  load  end.  Since  the  reactance 
drop  differs  in  phase  from  the  resistance  drop  by  90®,  it  is 
necessary  to  add  vectorially  the  load  voltage,  the  resist- 
ance drop,  and  the  reactance  drop  of  the  line,  to  find  what 
the  sending  voltage  must  be  in  order  to  supply  them. 

Construct  the  topographic  vector  diagram  of  Fig.  192. 


Fig.  192.  Topographic  diagram  for  finding  the  generator  voltage  OX  to 
supply  a  load  voltage  of  OE  over  a  line  having  a  resistance  drop  of 
ER  and  a  reactance  drop  of  RX,    The  load  has  unity  power-factor. 

The  voltage  vector  OE  of  the  load  will  lie  along  the  current 
vector  01  i  since  the  voltage  and  current  of  the  load  must  be 
in  phase,  the  power-factor  being  unity.  The  vector  of  the 
resistance  drop,  ER,  must  also  lie  along  the  current  vector 
07,  as  resistance  drop  is  always  in  phase  with  the  current. 
The  vector  RX  of  the  e.m.f.  required  to  overcome  the  react- 
ance voltage,  must  lead  the  current  by  90®.  The  vector 
sum  of  these  voltages  is  the  line  OX,  and  can  be  computed 
from  the  equation. 
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OX  =  ViOE  +  ER)^  +  RJ^ 

=  Vll,347«  +  1290« 
=  11,420  volts. 

The  voltage  at  the  sending  end  must  therefore  be  11,420 
volts  and  the  voltage  at  the  receiving  end  would  of  course 
rise  to  this  value  when  the  load  was  taken  off,  there  being, 
at  that  time,  no  current  and  therefore  no  reacting  voltages 
in  the  line. 

Tho  ..<.,laf ion      n>^20  -  11,000 
The  regulation  = ^^-^ • 

=  3.82  per  cent. 

This  is  slightly  higher  than  the  value  3.2  per  cent,  which  we 
obtained  for  regulation  when  the  line  carried  direct  current, 
but  it  is  very  good  regulation  for  a  line  carrying  alternating 
current. 

68.  Line  Regulation  at  a  Power-factor  Less  than  Unity. 
But  the  load  which  we  specified  for  this  line  in  Example  1 
had  a  power-factor  of  0.80  which  is  about  the  usual  power- 
factor  of  an  alternating-current  load  used  for  industrial 
purposes.    (See  Art.  6.) 

To  find  the  voltage  variation  and  what  is  sometimes  called 
the  "regulation  at  0.80  power-factor"  we  proceed  as  follows: 

The  apparent  power  =  -rr^  =  1500  kv-a. 

The  current  (single  phase)        =    *^  JL^    =  136.4  amp. 

The  resistance  drop  in  the  line  =  136.4  X  3.18  =  434  volts. 
The  reactance  drop  in  the  line  =  136.4  X  11.82  =  IfilO  volts. 

Construct  the  topographic  vector  diagram  Fig.  193. 

To  represent  the  11,000  volts  at  the  load  draw  the  vector 
OE  at  37°  lead  to  the  current,  because  on  an  inductive  load 
of  80  per  cent  power-factor  the  voltage  leads  the  current  37°. 

To  represent  the  434  volts  which  the  sending  end  must 
supply  in  order  to  overcome  the  resistance  of  the  line,  draw 
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the  vector  ER  parallel  to  the  current  /,  since  the  voltage 
consumed  in  overcoming  resistance  only  is  always  in  phase 
with  the  current. 

rS 


C>I 


Fio.  193.  The  vector  OS  represents  the  sending  voltage  for  a  load  volt- 
age OE,  over  a  line  having  a  resistance  voltage  of  ER  and  a  reactance 
voltage  RSi  when  the  power-factor  of  the  load  is  80  per  cent. 

To  represent  the  1610  volts  which  the  sending  end  must 
supply  in  order  to  overcome  the  reactance  of  the  line,  draw 
the  vector  RS  90®  ahead  of  ER,  because  the  voltage  con- 
sumed in  overcoming  reactance  is  always  90®  ahead  of  the 
current. 

|.  The  total  voltage  at  the  sending  end  of  the  line  must 
therefore  be  OS,  the  vector  sum  of  OE  (the  voltage  at  the 
load),  ER  (the  resistance  drop)  and  RS  (the  reactance  drop). 

When  the  load  is  thrown  off,  the  voltage  at  the  receiving 
end  will  rise  to  the  same  value  as  the  voltage  at  the  sending 
end. 

Thus  OS  also  represents  the  no-load  voltage  at  the  re- 
ceiving end.  To  find  the  value  of  OS,  draw  the  construc- 
tion lines  EP  and  RT. 
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OP  =  11,000  cos  37°  =  8800 
BT  =  11,000  sin  37°  =  6600. 

OS  =  V(OP.+.434)*  +  {RT  +  1610)» 

=  Vl52,570,000 
=  12,351  volts. 
The  no-load  voltage  thus  equals  12,351  volts. 

The  regulation  at  0.80  power-factor  =   — '    f  h-t^^^tt-' — 

=  12.3  per  cent. 

Note  that  the  regulation  of  the  line  when  the  load  had 
the  commercial  power-factor  of  0.80  was  very  much  poorer, 
being  more  than  three  times  as  great  as  the  regulation  at 
unity  power-factor.  There  are  two  reasons  for  this.  First, 
in  order  to  transmit  at  the  same  voltage  the  same  quantity 
of  power  at  a  low  power-factor  as  at  unity  power-factor,  a 
large  current  must  flow.  This  means  both  greater  resist- 
ance drop  and  greater  reactance  drop.  In  this  case  the  re- 
sistance drop  was  increased  from  347  to  434  volts,  and  the 
reactance  drop  from  1290  to  1610  volts. 

In  the  second  place,  it  will  be  seen  from  a  comparison  of 
Fig.  192  and  193  that  the  reactance  drop  and  the  voltage 
of  the  load  are  more  nearly  in  phase  and  therefore  their 
vector  sum  is  more  nearly  equal  to  their  arithmetical  sum 
when  the  power-factor  is  lower.  Thus,  not  only  is  the  react- 
ance drop  greater  at  a  low  power-factor,  but  a  greater  frac- 
tion of  it  is  in  phase  with  the  line  voltage  and,  therefore, 
tends  to  increase  it  much  more  than  at  unity  power-factor. 

This  alone  shows  the  desirability  of  having  a  load  in  which  the 
current  lags  as  little  as  possible  behind  the  voltage  especially 
when  the  reactance  of  the  line  is  greater  than  its  resistance. 
In  fact,  a  slightly  leading  current  is  generally  advantageous. 

Prob.  i-6.  Find  the  regulation  of  the  line  in  the  above  example 
when  the  power-factor  of  the  load  is  70  per  cent  with  the  same  kilo- 
watt load. 

Prob.  ^-6.  What  would  be  the  line  regulation  of  Prob.  4  if  the 
size  of  the  line  wire  were  increased  to  450,000  cir.  mils? 
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Prob.  6-6.  What  would  be  the  line  regulation  of  Prob.  4  if  we 
decreased  the  size  of  the  conductor  to  250,000  cir.  mils? 

69.  Three-phase,  Three-wire  System.  Cost.  Let  us 
now  consider  how  the  cost  and  the  regulation  of  this  10-mile 
line  would  be  affected  if  we  installed  a  three-phase,  three- 
wire  system  instead  of  a  single-phase  system  with  its  two 
conductors.  We  will,  of  course,  compute  the  line  cost  and 
regulation  on  the  same  basis  as  for  the  single-phase  line, 
that  is,  the  transmission  of  1200  kw.,  to  a  distance  of  10 
miles,  with  11,000  volts  between  wires  and  a  power-factor 
of  80  per  cent  at  the  end  of  the  line  with  3000  hr.  of  use  at 
full  load  annually. 

Apparent  power  as  in  single-phase  S3rstem 

1200      ,.^, 

Apparent  power  in  three-phase  system  is  found  according 
to  the  equation 

Pa  =  V3  EI] 

where  Pa  =  apparent  power  in  volt-amperes. 

E  ==  effective  voltage  between  conductors, 

in  volts. 
/  =  eflfective  current  along  each  conductor, 
in  amperes. 

Therefore    1,500,000  =  v^  X  11,000  X  /. 

J  ^      1,500,000 
1.73  X  11,000 
=  78.8  amperes. 

Or  we  may  use  the  equation 

P  =  VSB/cos^; 
where  P  =  eCFective  power,  in  watts. 

E  =  effective  voltage  between  conduc- 
tors, in  volts. 
I  =  effective  current  along  each  con- 
ductor, in  amperes, 
cos  d  =  power-factor  of  the  load. 
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Thus  1,200,000  =  V3  X  11,000  X  /  X  0.80. 

/  1,200,000 

1.73  X  11,000  X  0.80 
=  78.8  amperes. 

We  now  compute,  as  in  the  case  of  a  single-phase  line,  the 
total  annual  cost  of  the  line  when  constructed  of  conductors 
of  different  sizes.  Starting  with  No.  0  stranded  copper  con- 
ductor, we  find  the  cost  of  line  as  follows: 

One  mile  of  No.  0  weighs  1730  lb. 

A  ten-mile  three-wire  system  would  weigh 

30  X  1730  =  51,900  lb. 

At  20  cents  per  pound,  the  line  would  cost 

$0.20  X  51,900  =  $10,380. 
Annual  fixed  charges  at  8.5  per  cent  would  amount  to 
$10,380  X  0.085  =  $882. 

The  resistance  of  one  conductor  of  No.  0  Vire,  as  per  Table  I, 
Appendix  B,  would  be 

10  X  0.518  =  5.18  ohms. 

Each  line  wire  in  the  three-phase  system  carries  78.8  amp., 
therefore  the  PR  loss  per  conductor  would  be 
78.8  X  78.8  X  5.18  =  32,200  watts. 

=  32.2  kw. 
The  loss  in  the  three  wires  would  be 

3  X  32.2  =  96.6  kw. 
For  a  year  of  3000  hours,  the  total  energy  loss  would  be 

3000  X  96.6  =  289,800  kw-hr. 
At  1  cent  per  kw-hr.,  this  would  cost 

289,800  X  0.01  =  $2898. 
Therefore  the  total  yearly  cost  of  the  transmission  equals 

$2898  +  $882  =  $3780. 

Since  the  cost  of  lost  energy  is  greater  than  the  fixed 
charges,  we  compute  the  cost  of  larger  wires  in  order  to  find 
the  size  of  conductor  which  produces  the  lowest  total  annual 
cost.    Setting  these  down  as  in  Table  IV  we  see  that  the 
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TABLE  IV 


No.  0 
1  stranded. 

No.  00. 

No.  000. 

No.  0000. 

250.000 

oir. 

mils. 

300.000 

cir. 

mils. 

1 
350.000 
dr. 
rails. 

Cost  of  30  miles  of  wire 
at  20^  per  lb. 

t 
10.380 
882 

2.808 
3.780 

t 
13.140 
1.117 

2,299 
3.416 

t 
16.440 
1.398 

1,834 
3,232 

t 

20.820 

1.770 

1.450 
S,2M 

I 
24.560 
2.090 

1.213 
3.303 

I 
29.850 
2.490 

1.033 
3.523 

I 
34.440 
.2.930 

886 

3.816 

Fixed  annual  changes 
at  8.5%  of  wire  cost.. 

Annual  cost  of  energy 
lost  in  line  at  li  per 
kw-hr 

Total  annual  ooet  of 
tranBmiasion 

most  economical  conductor  would  be  No.  0000.  The  most 
economical  size  for  a  two-wire  system  under  the  same  condi- 
tions was  found  to  be  350,000  cir.  mils.     (See  Table  I.) 

Three  conductors  of  No.  0000  wire  at  an  annual  expense 
of  $3220  will  conduct  as  much  power  as  two  conductors  of 
350,000  cir.  mils  at  a  yearly  expense  of  $3724.  There  is 
then  a  decided  yearly  saving  in  using  a  three-phase  system 

instead  of  a  single-phase. 

A 


Generator 


§ 


P 


I 

a 


-c- 


■  ■— ^oyrnnnnnnrrt  o 


FiQ.  194.     Diagram  of  a  star-connected  generator  station  sending  power 
over  a  three-wire  line  to  a  star-connected  load. 

Prob.  7-6.  What  would  be  the  most  economical  size  of  conduc- 
tor to  use  in  the  three-phase  system  of  the  above  example  if  the 
price  of  copper  were  40  cents  per  pound  installed? 

Prob.  8-6.  If  the  cost  of  energy  were  2  cents  per  kw-hr.,  what 
would  be  the  most  economical  size  of  conductor  to  use  in  the  above 
example? 

Prob.  9-6.  If  a  three-phase  system  were  installed  in  Prob.  1-5, 
what  would  be  the  most  economical  size  of  conductor? 

Prob.  10-6.  Compute  Prob.  2-5,  using  a  three-wire  three- 
phase  system. 
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70.  Regulation  of  a  Three-wire  Three-phase  System. 

We  should  always  compute  the  regulation  of  a  proposed 
three-phase  installation,  just  as  in  the  case  of  a  single-phase 
line,  in  order  to  see  whether  or  not  the  most  economical 
wire  produces  too  great  a  voltage  variation  at  the  different 
loads.  For  this  purpose,  it  is  much  simpler  always  to 
consider  the  loads  at  the  receiving  end  to  be  star-connected. 
If  the  loads  are  delta-connected,  we  have  merely  to  consider 
the  voltage  between  any  conductor  and 
an  imaginary  neutral  as  explained  be- 
low. At  present  let  us  consider  the 
load  as  star-connected  at  ilf ,  as  in  Fig. 
194.  The  scheme  is  to  compare  the 
change  in  voltage  across  one  phase 
(say  OA)  from  no  load  to  full  load 
with  the  voltage  at  full  load  across 
the  same  phase  (OA). 

The  full-load  voltage  between  the 
line  wires  at  the  receiving  end  being 
11,000  volts,  the  full-load  voltage 
across  any  phase  or  coil  of  a  star-con- 


n 


nected  load  would  be 


11,000 
1.73 


=  6360     wmmy^ 


volts.  Thus  the  full-load  voltage 
across  each  of  the  coils  OA,  OS,  and 
OC  at  the  receiving  end  M  would  be 
6360  volts. 

Let  us  consider  coil  OA  only.  We 
found  that  the  full-load  line  current  at 
80  per  cent  power-factor  must  be  78.8 
amperes.  In  order  to  force  this  full- 
load  current  of  78.8  amperes  through 


Fig.  195.  The  conductors 
A,  By  and  C  are  placed 
equidistant  from  one 
another.  The  wire  D, 
usually  of  iron,  is 
placed  above  B  in  or- 
der to  afford  protection 
against  lightning. 


the  coil  OA,  the  voltage  across  the  cor- 
responding coil  PA  of  the  generator  must  be  great  enough 
to  overcome  the  resistance  and  the  reactance  of  the  line 
wire  il,  and  supply  the  6360  volts  across  the  coil  OA,    The 
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voltage  across  the  generator  coil  PA  is  thus  the  resultant 
of  the  voltage  across  the  load  coil  OA,  and  the  resistance 
voltage  and  the  reactance  voltage  of  the  line-wire  A.  The 
resistance  of  the  lO-mile  line-wire  A,  size  0000  B.  &  S.  gauge 
(see  Table  I,  Appendix  B),  is  2.59  ohms.  The  pressure 
necessary  to  overcome  the  resistance  of  the  line  is  equal  to 

78.8  X  2.59  =  204  volts. 

The  reactance  *  of  the  10-mile  line-wire  A  with  the  wires 
spaced  equidistant  and  30  inches  from  one  another  as  in 
Fig.  195  is  equal  to 

10  X  0.621  =  6.21.     (See  Table  III,  Appendix  B.) 

The  pressure  consumed  in  overcoming  the  reactance  is 

78.8  X  6.21  =  489  volts. 

Construct  Fig.  196  similar  to  Fig.  193,  with  the  exception  that 
the  voltages  in  Fig.  196  are  those  across  coils  rather  than 
between  line  wires. 

*  When  the  wires  of  a  system  are  not  spaced  equidistant  from  one 
another  the  reactance  of  the  middle  wire  will  differ  from  that  of  the 
other  two.  To  avoid  this  unbalanced  reactance,  the  wires  are  usually 
transposed  every  five  miles  on  a  short  line  or  every  10  to  40  miles  on  a 
long  line,  so  that  when  the  whole  length  of  the  line  is  considered  the 
average  distance  between  them  is  the  same.  This  average  value  is  used 
when  computing  the  reactance.  Thus  three  wires  might  be  strung  one 
directly  over  the  other  with  36  inches  separating  each  outside  wire 
from  the  middle  one.    The  average  distance  would  then  be 

36  +  36  +  72       .^.    , 
■ — ^ — ■ —  =  48  inches, 

and  this  would  be  the  value  used  in  the  table  or  formula  for  finding 
the  reactance. 

When  the  wires  are  not  transposed  the  equivalent  distance  between 

them  is  used.    Equivalent  distance  »  '^  product  of  the  three  distances. 

The  equivalent  distance  in  this  case  would  equal  ^^36  X  36  X  72 
or  45.  Unless  it  is  otherwise  stated,  the  lines  mentioned  in  this  book 
are  to  be  considered  as  transposed. 
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OS  =  EpA  =  V{VN  +  489)'  +  (Or  +  204)^ 
VN  =  6360  sin  37° 

=  3816. 
OT  =  6360  cos  37*^ 
=  5088. 

EpA  =  V4305*  +  5292 
=  6823. 
Therefore  the  voltage  across  the  coil  PA  of  the  generator 
would  have  to  be  6822  volts  when  the  full  load  is  taken 

lS 


-> 
I 


OR 


Fig.  196.  Vector  OS  represents  the  voltage  across  one  coil  at  the 
sending  end  of  line  in  Fig.  194;  OJIf ,  the  voltage  across  one  coil  of 
the  load;  MN,  the  resistance  drop  of  one  wire;  and  NS,  the  react- 
ance drop  of  one  wire. 

from  the  receiver  end.  When  the  load  decreases  to  zero, 
the  voltage  across  one  phase  or  coil  (as  OA)  at  the  receiving 
end  (Af)  would  equal  the  voltage  across  the  corresponding 
coil  of  the  generator.  The  no-load  voltage  across  one  phase 
thus  would  equal  6822  volts. 
The  change  in  voltage  is  equal  to 

6822  -  6360  =  462  volts. 
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The  regulation  at  80  per  cent  jwwer-factor 

Since  the  load  is  assumed  to  be  balanced,  the  same  change 
takes  place  across  each  coil  of  the  load.  The  change  across 
the  line  wires  will  thus  be  in  the  same  ratio.  Consequently 
the  voltage  regulation  of  this  three-wire  three-phase  system 
is  approximately  7  per  cent,  which  is  very  satisfactory  for 
a  load  of  only  80  per  cent  power-factor.  It  will  be  remem- 
bered that  the  voltage  regulation  for  a  single-phase  Une 
under  exactly  similar  conditions  was  12.7  per  cent.  Thus 
the  three-phase  system  is  not  only  more  economical  but  also 
has  better  regulation. 

If  the  receiving  or  the  sending  end  of  the  line  is  delta-con- 
nected, the  method  of  computing  the  voltage  regulation  is 
similar  to  the  above.     Fig.  197  represents  such  a  system,  in 


FiQ.  107.  Phase  TV  of  the  delta-connected  load  O  may  be  conndered 
to  be  made  up  of  coUb  TO  and  OV.  The  phase  VU  may  be  cod- 
aidered  to  be  made  up  of  VO  and  OU,  etc.    The  points  P  and  O  are 

thus  the  neutral  pointa  of  atar-coanected  coila, 

which  both  the  receiving  end  M  and  the  sending  end  G  are 
deltarconnected.  We  may  consider  each  coil  of  each  end 
to  be  made  up  of  two  coils  of  a  star  connection.  Thus  the 
cofl  TV  of  the  receiving  end  may  be  imagined  to  be  made  up 
of  the  two  coils  TO  and  OV  connected  in  star  at  the  neutral 
point  0.    The  voltage  across  either  of  these  imaginary  coils 

would  be    ■'       =  6360  volts.    This  is  called  the  "  vtdtige  to 
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neutral"  in  a  delta-connected  arrangement.  In  determin- 
ing the  voltage  regulation  of  a  delta-connected  system,  the 
amomit  which  this  '^voltage  to  neutral "  changes  when  the 
load  changes  from  full  load  to  no  load  is  found,  and  com- 
pared with  the  "voltage  to  neutral "  at  full  load,  just  as  in 
the  case  of  a  star-connected  arrangement. 

The  use  of  the  Mershon  diagram  will  save  much  mathe- 
matical work  in  computing  the  regulation  of  transmission 
lines.  This  diagram  is  equivalent  to  a  large  number  of 
vector  diagrams  like  those  of  Fig.  193  and  196.  See  Croft's 
"American  Electrician's  Handbook,"  page  143. 

Prob.  11-5.  Compute  the  voltage  regulation  of  the  three-phase 
system  of  Prob.  7-5,  assimiing  the  load  to  be  star-connected. 

Prob.  12-5.  If  the  load  on  the  system  of  Prob.  7-6  were  delta- 
connected,  what  would  the  regulation  be? 

Prob.  13-5.  Three-phase  power  is  to  be  transmitted  14  miles. 
Power  to  be  delivered,  4200  kw.  Voltage  at  load,  33,000  volts; 
wires  arranged  in  vertical  plane,  50  inches  apart;  frequency,  25 
cycles;  power-factor  of  load,  85  per  cent;  size  of  wire.  No.  0,  B.  &  S. 
Compute  the  regulation  if  the  load  is  delta-connected. 

71.  To  Compute  the  Voltage  at  the  Load.  When  an 
induction  motor  is  started,  it  usually  takes  a  much  larger 
current  than  the  full-load  current,  and  always  at  a  low 
power-factor.  The  voltage  at  the  receiving  end  of  a 
transmission  line  drops  considerably  under  these  conditions. 
This  variation  in  terminal  voltage  can  be  determined  as 
follows: 

Example  2.  In  a  three-phase  transmission  line  each  wire 
of  which  has  2  ohms  resistance  and  3  ohms  reactance,  the 
full  load  is  2000  kw.  at  85  per  cent  power-factor.  The  full- 
load  voltage  at  the  receiving  end  is  6600  volts.  Find  the 
voltage  of  the  load  when  several  of  the  induction  motors, 
which  constitute  part  of  the  load,  are  starting  simultaneously, 
and  lower  the  power-factor  to  75  per  cent,  at  the  same  time 
increasing  the  load  to  2100  kw. 
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The  first  step  is  to  find  the  voltage  at  the  sending  end  from 
data  of  normal  conditions.  This  is  done  as  in  aU  previous 
examples  of  this  chapter. 

J  ^  2,000,000 


1.73  X  6600  X  0.85 
=  206  amp.  per  line-wire. 

Resistance  drop      =  2  X  206 

=  412  volts. 

Reactance  drop      =  3  X  206 

=  618  volts. 

Voltage  to  neutral  =  ^-7=^  =  3810  volts. 

Construct  a  diagram  as  in  Fig.  193  and  196  and  solve  for 
OX,  the  voltage  to  neutral  at  the  sending  end. 

OX  =  4490  volts. 

With  the  usual  method  of  operation,  a  voltage  to  neutral 
of  approximately  4490  volts  at  the  sending  end  would  be 
maintained  under  all  conditions  (unless  a  feeder  voltage 
regulator  is  used;  see  Art. 63  and  72). 

The  second  step  is  to  find  what  the  voltage  to  neutral  at 
the  sending  end  would  have  to  be,  if  the  voltage  at  the  re- 
ceiving end  were  to  remain  6600  volts,  or  3810  volts  to 
neutral,  under  the  new  conditions  of  load  and  power-factor, 

P  =  Vs  EI  cose. 
J  2,100,000 

1.73  X  6600  X  0.75 
=  246  amperes. 
Resistance  drop  =  2  X  246  =  492  volts. 
Reactance  drop  =  3  X  246  =  738  volts. 

Construct  a  diagram  as  in  Fig.  193  and  196  and  find  the 
value  of  OX,  the  voltage  to  neutral  at  the  sending  end. 

OX  =  4670  volts. 
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Thus  the  voltage  to  neutral  at  the  sending  end  would  have 
to  rise  to  5030  volts  in  order  to  keep  the  voltage  of  the  load 
up  to  6600  volts  (3810  volts  to  neutral)  when  the  extra  load 
at  a  low  power-factor  was  thrown  on. 

But  the  conditions  at  the  sending  end  are  such  that  the 
voltage  to  neutral  remains  practically  constant,  4490  volts 
at  all  loads.  Therefore,  if  the  sending  voltage  remains 
constant,  the  voltage  at  the  receiving  end  must  fall  on 
account  of  the  extra  line  drop  between  the  generator  and 
the  load. 

As  a  third  step,  we  may  then  consider  that  the  voltage  to 
neutral  of  the  sending  end  drops  from  4670  volts  to  4490  and 
compute  the  corresponding  drop  in  the  load  voltage,  from 
6600  to  iiiU  of  6600),  or  6360  volts.  As  a  check  on  this 
value  we  have  merely  to  compute  what  the  generator  volt- 
age would  have  to  be  in  order  to  maintain  a  voltage  of  6360 
volts  (3670  volts  to  neutral)  at  the  receiving  end  when 
loaded  with  2100  kw.  at  75  per  cent  power-factor.  The 
check  value  is  4560  volts  to  neutral,  showing  an  error  of 
about  1.5  per  cent. 

The  error  in  this  method  Ues  in  the  fact  that  in  the  second 
step  we  have  used  too  small  a  value  for  the  line  current. 
We  may,  therefore,  better  our  result  by  repeating  the  second 
and  third  steps  using  a  value  for  the  line  current,  which  we 
now  know  is  more  precise,  as  found  by  the  equation 

J  ^  2,100,000 

1.73  X  6360  X  0.75 
=  255  amperes. 

By  using  255  instead  of  246  amperes  for  the  line  current, 
we  find  that  it  would  require  a  generator  voltage  to  neutral 
of  4710  volts  to  maintain  6600  volts  between  terminals  at 
the  load.  With  the  generator  voltage  to  neutral  remaining 
4490,  the  load  voltage  would  be  |f fg  X  6600,  or  6290  volts, 
which  checks  to  within  less  than  1  per  cent. 

By  repeating  steps  two  and  three  a  number  of  times,  each 
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time  using  a  more  precise  value  for  the  line  current,  it  is 
possible  to  obtain  the  load  voltage  to  any  desired  d^ree  of 
precision.  For  most  practical  work  one  such  repetition  is 
sufficient. 

Prob.  14^6.  A  200-h.p.  2300- volt  three-phase  induction  motor 
of  03  per  cent  efficiency  has  a  power-factor  of  90  per  cent  at  full 
load.  The  distributing  circuit  has  a  resistance  of  0.4  ohm  and  a 
reactance  of  0.32  ohm  per  wire,  (a)  What  must  be  the  voltage 
at  the  generator  end  (A  the  distributing  line  to  operate  the  motor 
at  rated  load  and  at  its  rated  voltage? 

(6)  What  is  the  voltage  regulation,  imaniTning  a  constant  voltage 
at  the  generator  end  of  the  distributing  line? 

Prob.  15-5.  In  starting,  the  induction  motor  of  Prob.  14  takes 
three  times  normal  current  and  the  power-factor  drops  to  60  per  cent. 
Assuming  that  the  voltage  at  the  generator  end  of  the  dis^buting 
line  remains  constant,  what  is  the  voltage  across  the  motor  on 
starting? 

Prob.  16-5.  If  the  generator  voltage  in  Prob.  13-5  remains 
constant,  what  will  the  voltage  at  the  load  become  when  the  load 
consists  of  2000  kw.  at  95  per  cent  power-factor?  Check  and  show 
per  cent  error. 

Prob.  17-5.  What  will  be  the  voltage  of  the  load  in  line  of 
Prob.  13-5  when  only  500  kw.  are  being  delivered  at  unity  power- 
factor?    Compute  per  cent  error  due  to  this  method. 

72.  Feeder  Voltage  Regulators  and  Line-drop  Compen- 
sators. We  have  already  shown  that  it  is  desirable  that 
the  voltage  at  the  load  end  of  a  transmission  line  or  feeder 
and  the  voltage  at  the  generator  end  of  the  line  shall  both  be 
maintained  approximately  constant  (see  Art.  7).  We  have 
seen  that  this  may  be  accomplished  by  applying  to  each 
individual  feeder  a  special  type  of  transformer  known  as  a 
Feeder  Voltage  Regulator,  whose  primary  (high-tension)  coil 
is  shunted  across  the  feeder  lines  and  whose  secondary  is  in 
series  with  the  feeder.  (See  Art.  63.)  It  is  necessary  to  re- 
adjust the  voltage  regulator  for  each  change  of  current  or  of 
power-factor  in  the  feeder,  inasmuch  as  such  changes  tend 
to  alter  the  impedance  drop  on  the  feeder  or  the  voltage  at 
the  load  end  of  the  feeder.    The  adjustment  of  the  regulator 
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may  be  accomplished  by  hand  if  the  load  conditions  change 
slowly,  or  automatically  by  a  small  alternating-current  motor 
actuated  by  a  "  contact-making  voltmeter,"  if  the  load  con- 
ditions change  rapidly. 

Whenever  the  regulation  of  voltage  at  the  load  end  of  a 
feeder  must  be  accomplished  by  adjustments  (manual,  or 
automatic  by  regulators)  at  the  generating  station  or  at  any 
point  distant  from  the  load,  it  becomes  necessary  to  have 
means  of  measuring  the  load  voltage  from  the  distant  point. 
One  method,  of  running  small  pressure  wires  parallel  to  the 
feeder  to  connect  the  voltmeter  with  the  distant  terminals, 
becomes  too  expensive  when  the  feeder  is  long.  In  such 
cases,  a  "line-drop  compensator"  is  used.  The  purpose  of 
this  device  is  to  reproduce  to  a  definite  scale,  within  the  local 
circuit  of  a  voltmeter  attached  to  the  feeder  at  its  station 
end,  all  of  the  reacting  voltages  produced  in  the  line  by  the 
currents  flowing,  so  that  the  voltmeter  receives  a  pressure 


ICO  amperes 


8inffIe>phaBe  Feeder 
100  amp. 


Fia.  198.  Diagram  of  a  "  line-drop  compensator."  Voltmeter  V  in- 
stalled in  the  generating  station  indicates  the  Voltage  El  at  the  load, 
and  not  the  voltage  Eq  of  generating  station.  The  voltmeter  V 
really  measures  the  e.m.f.  across  the  secondary  of  the  potential  in- 
strument transformer  P,  as  affected  by  the  resistance  drop  and  the 
reactance  drop  of  R  and  X,  which  depend  upon  the  line  current. 

representing  what  is  left  at  the  load  end  of  the  line  rather 
than  the  impressed  voltage  at  the  place  where  the  voltmeter 
is  attached. 
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Thus,  in  Fig.  193,  the  voltmeter  V  attached  to  this  single-phase 
feeder  does  not  indicate  the  pressure  Eq  at  the  generator  or  at  the 


Fio.  199.    Diagram  of  connections  for  a  compcneat^r  on  b  sinsle-plmac 

circuit.     Weslinghousc  Electric  A  Mfg.  Co. 

place  where  the  voltmeter  is  attaclicd,  but  rather  the  pressure  E/, 
at  the  load  end  of  the  feeder,  provided  the  contact-arms  R  and  A' 
are  set  properly,     A  current-transformer  CC  in  series  with  the 
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feeder  has  ite  secondary  connected  to  resistance  and  reactance  in 
series.  These  are  therefore  traversed  by  a  current  which  is  always 
directly  proportional  to  the  current  which  flows  in  the  feeder 
itself.  By  means  of  the  contact-arms  R  and  X  various  portions 
of  the  resistance  drop  and  reactance  drop  may  be  inserted  in  cir- 
cuit with  the  voltmeter  F,  which  is  also  connected  to  the  generator 
end  of  the  feeder  through  the  potential  transformer  PP. 

Now,  if  the  contact-arms  R  and  X  are  set  so  that  the  values  of 
resistance  and  of  reactance  included  between  them  bear  the  proper 
relation  to  each  other  and  to  the  current  ratio  of  the  series  trans- 
former CCy  the  e.m.f/s  from  R  and  X  diminish  the  e.m.f.  from  PP 
in  exactly  the  same  way  and  by  exactly  the  same  percentage  that 
the  back  e.m.f.'s  or  voltage  reactions  in  the  main  Kne  diminish  the 
voltage  from  the  generator.  Of  course,  if  the  connections  of  R  and 
JIf  to  F  and  P  are  reversed,  the  line  drop  is  added  to  instead  of  sub- 
tracted from  the  generator  voltage,  and  no  adjustment  of  R  and  X 
can  be  found  which  will  make  the  indications  of  V  proportional  to 
the  voltage  at  the  load  end  of  the  feeder. 

Figure  199  illustrates  the  actual  wiring  of  one  of  these  line-drop 
compensators  (D)  in  a  single-phase  feeder  (F).  The  voltmeter  V 
connects  through  the  multiplier  M  (usually  external  with  stationary 
types  of  voltmeter,  though  internal  with  portable  types)  to  the  low- 
tension  side  of  the  potential-transformer  PP  and  the  taps  from  the 
resistance  and  reactance  in  D.  The  current  through  this  resistance 
and  reactance  is  obtained  from  the  secondary  of  the  current-trans- 
former CC  in  series  with  the  feeder.  When  the  contact-arms  on 
the  compensator  are  set  so  that  the  relation  of  reactance  drop  and 
of  resistance  drop  between  them  to  the  low-tension  e.m.f.  of  PP  is 
exactly  the  same  as  the  relation  of  reactance  drop  and  of  resistance 
drop  in  the  feeder  to  the  voltage  of  the  generator,  then  the  indica- 
tions of  V  multiplied  by  a  constant  factor  (ratio  of  P)  give  the 
voltage  El,  but  not  the  voltage  Eq,  In  the  case  of  polyphase 
feeders  the  connections  are  more  compKcated,  although  the  same 
principles  apply.  In  this  way,  it  is  possible  to  know  at  the  gener- 
ating station  what  adjustment  must  be  made  at  the  generator  in 
order  to  keep  the  voltage  at  the  load  constant. 

Note:  In  the  foUowing  problemsi  neglect  the  resistance  and  reactance 
of  tile  instrument  transfonners. 

Prob.  18-5.  In  Fig.  198,  the  current  ratio  of  CC  is  100  :  1,  and 
the  voltage  ratio  of  PP  is  20  :  1.  The  single-phase  feeder  has 
altogether  10  ohms  reactance  and  2  ohms  resistance,  (a)  What 
should  be  the  amount  of  resistance  and  of  reactance,  in  ohms,  be- 
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tween  R  and  X  in  order  that  the  voltmeter  V  shall  indicate  in  fixed 
ratio  to  the  load  voltage  E^?  (6)  What  factor  must  the  actual 
voltages  at  V  be  multiplied  by  in  order  to  obtain  the  correct  value 
of  El  volts? 

Prob.  19-5.  The  single-phase  feeder  of  Fig.  198  is  designed  to 
deliver  400  kw.  at  0.80  power-factor  and  2300  volts  (=  El),  with  a 
voltage  regulation  (at  this  power-factor)  of  10  per  cent  and  a  trans- 
mission efficiency  of  95  per  cent.  If  the  ratio  of  CC  is  100  : 1,  and 
of  PP  is  20  : 1,  (a)  what  must  be  the  values,  in  ohms,  of  resistance 
and  reactance  included  between  the  contact-arms  R  and  X,  and  (6) 
by  what  ratio  must  the  voltage  V  be  multiplied  to  obtain  the 
voltage  J^L? 

Prob.  20-5.  The  feeder  of  Fig.  198  supphes  load  at  a  distance 
of  5  miles  over  No.  00  wires  spaced  36  inches  apart.  Eq  =  6600 
volts  and  the  ratio  of  PP  is  60  : 1.  What  must  be  the  ratio  of  CC 
(nearest  larger  multiple  of  5)  in  order  that  we  may  use  as  much 
of  each  dial  as  possible  on  a  line-drop  compensator  having  a 
maximum  range  of  10  ohms  resistance  and  10  ohms  reactance,  to 
indicate  the  voltage  El  when  the  load  has  its  maximum  value  of 
500  kw.  at  0.80  power-factor? 

Prob.  21-5.  (a)  Assuming  that  we  select  for  CC  in  Prob.  20  a 
transformer  having  a  ratio  which  is  the  nearest  larger  multiple  of 
5  to  the  ratio  which  we  theoretically  require,  calculate  how  many 
ohms  of  resistance  R  and  reactance  X  must  be  tapped  off  in  the 
compensator  to  make  the  reading  of  F  as  nearly  as  possible  pro- 
portional to  El.  (6)  What  then  will  be  the  ratio  between  the 
actual  voltages  El  and  V? 

Prob.  22-5.  If  each  dial  R  and  X  in  Prob.  21  has  only  ten 
equal  steps  of  resistance  or  of  reactance,  1  ohm  each,  calculate: 

(a)  The  setting  of  each  dial  which  will  make  the  indications  of  V 
as  nearly  as  possible  proportional  to  El. 

(6)  The  ratio  of  El  volts  to  V  volts  for  this  setting  of  dial  R 
and  X,  which  will  make  V  represent  El  with  full  load  delivered 
from  the  feeder. 

(c)  The  percentage  error  involved  when  the  product  of  the  ratio 
of  (6)  times  the  voltage  V  is  assumed  to  represent  the  voltage 
El  at  zero  load. 


SUMMARY  OF  CHAPTER  V 

THE  VOLTAGE  at  which  electrical  power  is  transmitted 
over  short  distances  is  usually  about  1000  volts  per  mile. 

m  AMERICA,  ALTERNATING  CURRENT  is  used  in  prac- 
tically all  industrial  installations,  the  potential  of  which  is 
above  560  volts. 

THE  FREQUENCIES  in  greatest  use  are  26  cycles  for 
railway  and  power  work  and  60  cycles  for  lighting. 

THE  MOST  ECONOMICAL  SIZE  OF  TRANSMISSION 
WIRE  is  that  size  which  results  in  the  smallest  sum  total  of 
annual  fixed  charges  (such  as  interest  in  money  invested, 
taxes,  repairs  and  depreciation)  and  annual  cost  of  energy 
lost  in  the  line.  The  sum  of  these  items  becomes  a  minimum 
when  the  fixed  charges  equal  the  cost  of  lost  energy. 

THE  VOLTAGE  REGULATION  OF  THE  LINE  must  also 
be  taken  into  consideration  when  determining  the  size  of  wire 
to  be  used  for  transmission  unless  proper  regulation  is  accom- 
pfished  by  feeder  voltage  regulators.  The  voltage  regulation 
of  a  line  equals 

(No-load  voltage)  ~  (Full-load  voltage) 
(FuU-load  voltage) 

These  voltages  must  be  measured  at  the  load  end  of  the 
line.  Good  regulation  for  power  service  ranges  between  6  and 
10  per  cent.  For  lighting  service  it  should  never  exceed  6 
per  cent 

THE  INDUCTIVE  REACTANCE  of  a  line  causes  voltage  to 
be  consumed  in  the  line  when  an  alternating  current  is  sent 
over  the  line.  This  reactance  drop  leads  the  resistance  drop 
by  90^ 

THE  GENERATOR  VOLTAGE  equals  the  no-load  voltage 
at  the  load  end  of  a  short  line,  and  can  be  found  by  adding 
vectorially  the  reactance  drop  and  the  resistance  drop  to  the 
voltage  at  the  load  end. 
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A  THREE-PHASE  TRANSMISSION  LINE  is  more  eco- 
nomical than  a  single-phase  line  for  transmitting  a  given  amount 
of  power  to  a  given  distance,  and  has  better  regulation  under 
the  same  conditions.  In  a  three-phase  system  the  voltage  to 
neutral  and  the  resistance  and  reactance  drop  in  one  line  con- 
ductor are  always  used  in  computing  the  regulation. 

TO  COMPUTE  THE  VOLTAGE  AT  THE  LOAD  END  of  a 
transmission  line  corresponding  to  any  amount  of  load  and 
power-factor: 

FIRST  STEP.  Compute  the  voltage  at  the  generator  end 
of  line  from  data  under  normal  conditions. 

Second  step.  Compute  what  che  voltage  at  the  gener- 
ator end  would  have  to  be  in  order  to  maintain  the  same  con- 
stant voltage  at  load  end  under  new  conditions  of  load. 

THIRD  Step.  The  voltage  at  the  load  end  under  new  con- 
ditions is  practically  the  same  fraction  of  the  voltage  under 
normal  conditions,  that  the  generator  voltage  computed  by 
the  ''  first  step  "  is  of  that  computed  by  the  **  second  step." 
This  method  is  an  approximation  which  is  precise  enough  for 
all  practical  conditions. 

FEEDER  VOLTAGE  REGULATORS  are  used  to  mninfain 
a  constant  voltage  at  the  load  when  power-factor  or  power  is 
varied  within  prescribed  limits.  Such  regulators  may  be  oper- 
ated automatically  by  a  motor  controlled  by  a  contact-making 
voltmeter. 

LINE-DROP  COMPENSATORS  are  combinations  of  ad- 
justable resistance  and  adjustable  reactance  intended  to  be 
connected  to  the  feeder  and  to  the  voltmeter  through  proper 
instrument  transformers  suitably  arranged.  When  properly 
adjusted  they  cause  the  voltmeter  at  the  station  to  indicate 
the  voltage  at  the  distant  end  of  the  feeder  for  all  values  of 
power  and  power-factor  at  the  load. 


PROBLEMS  ON  CHAPTER  V 

Prob.  23-5.  The  llOOO-volt  3-phase  8-mile  pole  line  of  the 
Southern  Power  Co.,  running  from  Catawba  to  Pineville,  is  strung 
with  aluminum  stranded  cable,  the  resistance  of  which  is  equiva- 
lent to  the  resistance  of  No.  2  copper  wire.  The  load  at  Pineville 
consists  of  three  37.5-kv-a.  and  three  125-kv-a.  transformers.  Power- 
factor  of  load  equals  80  per  cent;  frequency,  60  cycles.  Compute 
the  voltage  regulation  of  this  line.     (Elec.  Jour.,  Vol.  VIII.) 

Prob.  24-5.  Assuming  the  voltage  at  Catawba  to  remain  con- 
stant at  the  value  found  in  Prob.  23,  compute  the  voltage  at  Pine- 
ville when  only  150  kw.  at  95  per  cent  power-factor  are  being  used 
there. 

Prob.  25-5.  Calculate  the  most  economical  size  of  copper  wire 
for  the  three-phase  distributing  system  of  Prob.  23.  Estimate 
copper  conductor  at  19  cents  per  pound;  fixed  charges  at  9  per 
cent  of  line  cost;  electric  energy  at  4  mills  per  kw-hr.,  3000  hr. 
at  full  load  per  year. 

Prob.  26-5.  A  distributing  system  arranged  as  in  Fig.  200  is 
delivering  400  kw.  at  6600  volts  and  80  per  cent  power-factor  to 


Fig.  200. 


Poiver  is  distributed  over  the  three-wire  line  to  sub-station 
A  and  to  sub-station  B  which  is  on  a  spur  line. 


transformer  at  sub-station  A,  and  250  kw.  with  90  per  cent  power- 
factor  to  the  sub-station  B,  which  is  near  the  main  line.  The  con- 
ductors from  il  to  ^  are  No.  1  solid  copper,  and  from  B  to  the 
generating  station  S  are  stranded  copper  No.  00.  The  conductors 
are  arranged  as  in  Fig.  195,  30-inch  spacing  throughout,  (a)  Com- 
pute the  voltage  at  B  and  at  the  station  S.  (b)  What  is  the  line 
regulation  at  A  and  at  B? 
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Prob.  27-5.  If  the  station  at  ^  is  on  a  spur  line  5  mOes  from 
the  main  line,  compute  (a)  and  (6)  of  Prob.  26.  The  wires  from 
main  line  to  ^  are  of  No.  2  solid  copper. 

Prob.  28-5.  Assuming  the  rate  of  interest  and  depreciation^ 
the  cost  per  poimd  of  installed  cop|>er  cable,  hours  of  use,  etc.,  to 
be  as  in  Example  1,  deduce  an  expression  relating  the  total  annual 
fixed  charges  in  dollars,  to  the  size  of  conductor  denoted  by  the 
symbol  r,  representing  the  resistance  in  ohms  per  mile  of  conductor. 
At  20**  C.  commercial  annealed  copper  wire  has  a  weight  of  0.3195 
pounds  per  cubic  inch  and  resistivity  of  872.5  ohms  per  mile-pound. 

Prob.  29-5.  Assuming  data  as  in  Example  1  and  Prob.  28, 
deduce  an  expression  relating  the  annual  value  (dollars)  of  energy 
lost  in  the  line  conductors,  to  the  size  of  conductor  denoted  by 
symbol  r  representing  its  resistance  in  ohms  per  mile. 

Prob.  30-5.  If  the  variation  of  all  items  in  the  first  cost  of  a 
transmission  line  which  depends  upon  the  size  of  conductor  were 
to  be  in  direct  proportion  to  the  weight  per  mile  of  the  conductor, 
the  lowest  total  annual  cost  of  transmission  would  be  attained 
when  the  conductor  is  of  such  size  that  the  annual  fixed  charges 
are  exactly  equal  to  the  annual  value  of  energy  lost  in  the  line. 
Assuming  this  to  be  true  (which  it  is,  nearly  enough  for  rough, 
practical  calculations),  calculate  the  exact  size  in  ohms  per  mile 
and  in  circular  mils  of  the  most  economical  conductor  in  Example 
1.     (a)  For  Table  I.     (6)  For  Table  II.     (c)  For  Table  III, 

Prob.  31-5.  To  be  ready  for  growth  of  load  expected  in  the 
near  future,  the  size  of  wire  installed  in  a  transmission  line  may  be 
made  larger  than  that  calculated  to  be  the  most  economical  size 
for  the  present  loading.  Under  the  conditions  of  Example  1  and  by 
the  methods  outlined  in  Prob.  28,  29  and  30,  calculate  how  much 
(per  cent)  greater  than  the  least  total  cost  of  transmission,  the 
annual  cost  would  be  if  the  Une  wire  were  made  larger  than  the 
most  economical  size  by  (a)  50  per  cent;  (6)  100  per  cent;  (c)  200 
per  cent. 

Prob.  32-5.  The  transmission  specified  in  Example  1  is  to  be 
installed  under  the  condition  that  it  is  for  temporary  service  only, 
and  will  be  dismantled  at  the  end  of  four  years  with  a  scrap  value 
equal  to  40  per  cent  of  the  initial  cost.  Assume  that  the  money 
put  aside  for  depreciation  charges  does  not  earn  interest,  and  that 
the  tax  rate,  cost  of  copper  and  value  of  energy,  etc.,  are  as  in 
Example  1.  Calculate  the  most  economic  size  of  conductor  in  this 
case:  ^a)  In  ohms  per  mile.    (6)  In  circular  mils. 
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Prob.  83-6.  Other  conditions  being  as  specified  in  Example  1, 
calculate  what  percentage  decrease  in  the  value  per  kw-hr.  of 
energy  would  justify  a  saving  of  25  per  cent  in  ihe  amount  of 
conductor  m^iterial  used. 

Prob.  84-6.  A  rule  for  rough  calculations  of  transmission  line 
is  to  allow  in  the  conductors  a  power  loss  equal  to  approximately 
10  per  cent  of  the  power  delivered.  Other  conditions  being  as  in 
Example  1,  calculate  what  relation  of  the  cost  per  pound  of  copper 
installed  to  the  value  of  a  kilowatt-hour  will  make  it  permissible 
to  use  this  rule.  The  equations  and  methods  suggested  in  Prob. 
28,  29  and  30  may  be  used  here  to  advantage. 

Prob.  85-6.  Good  voltage  regulation  (without  the  aid  of  volt- 
age regulators)  on  the  short  transmission  in  Example  1,  Table  I, 
demands  that  the  resistance  drop  be  not  greater  than  3  per  cent 
of  the  voltage  dehvered  at  the  load  (11,000  volts).  Calculate  how 
much  greater  than  the  least  value  must  be  the  annual  cost  of  this 
transmission,  in  order  to  accomplish  such  regulation  without  a 
feeder  voltage  regulator. 

Prob.  86-6.  Show,  for  the  general  case,  that  when  the  most 
economical  size  of  conductor  is  chosen,  the  voltage  drop  per  mile  of 
conductor  due  to  resistance  is  dependent  only  upon  the  material  and 
cost  per  pound  of  conductor,  the  percentage  of  fixed  charges  on 
this  cost,  hours  of  use,  and  the  value  of  a  kilowatt-hour  saved  from 
the  line  losses;  that  it  does  not  depend  upon  the  amount  of  power 
transmitted,  the  total  distance  or  length  of  transmission  line,  volt- 
age between  conductors,  or  any  other  factor. 

Prob.  87-6.  Show  that  the  most  economical  size  of  conductor 
under  any  given  conditions  requires  the  line  to  be  proportioned  on 
the  basis  of  a  certain  number  of  circular  mils  of  sectional  area  per 
ampere  of  current  transmitted,  and  that  this  number  dep>ends 
upon  the  same  factors  as  stated  in  Prob.  36  for  the  resistance  drop 
per  mile  of  conductor  with  most  economical  size. 

Prob.  88-6.  Calculate  the  p>ercentage  regulation  at  imity  power- 
factor  for  the  line  of  Example  1,  when  the  frequency  is  (a)  25 
cycles  per  second.    (6)  133  cycles  per  second. 

Prob.  88-6.  Calculate  the  percentage  regulation  at  80  per  cent 
power-factor  for  the  line  of  Example  1,  when  the  frequency  is  (a) 
25  cycles  per  second.    (6)  133  cycles  per  second. 

Prob.  40-6.  From  the  data  in  Table  III,  Appendix  B,  draw  a 
a  curve  using  as  abscissas  the  distance  between  wires  (range  1 
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inch  to  120  inches),  and  aa  ordinates  the  inductive  reactance  (ohms 
per  mile  of  single  conductor).  Consider  only  a  350,000  dr-mil 
conductor.    Explain  reasons  for  the  form  of  this  curve. 

Prob.  41-5.  From  the  data  in  Table  III,  Appendix  B,  draw  a 
curve  using  as  abscissas  the  size  of  wire  (cir.  mils,  from  one  milliozi 
to  No.  6  B.  <&  S.  gauge),  and  as  ordinates  the  inductive  reactance 
(ohms  per  mile  of  single  conductor).  Consider  only  a  spacing  of 
30  inches.    Explain  reasons  for  the  form  of  this  curve. 

Prob.  42-5.  Calculate  the  voltage  regulation  of  the  line  speci- 
fied in  Example  1  (with  power-factor  of  0.8  at  receiving  end)  corre- 
sponding to  spacings  of  2,  4,  6,  8  and  10  feet,  and  using  a  350,000 
cir-mil  conductor.  Draw  a  curve  between  spacing  (in  feet)  as 
abscissas,  and  percentage  regulation  as  ordinates.  Explain  reasons 
for  the  form  of  this  curve. 

Prob.  43-5.  (a)  With  a  power-factor  of  80  per  cent  at  the  load 
in  Fig.  193,  what  will  be  the  power-factor  at  the  generator  terminals? 

(6)  What  should  be  the  ratio  of  reactance  to  resistance  of  the 
line  to  which  Fig.  193  refers,  in  order  that  the  power-factors  at  load 
and  at  generator  terminals  may  be  equal? 

(c)  If  the  size  of  wire  be  chosen  so  that  the  resistance  drop  is 
equal  to  the  reactance  drop  in  Fig.  193,  what  should  be  the  voltage 
regulation? 

Prob.  44-6.  Calculate  the  percentage  regulation  on  basis  of 
data  given  in  Example  1,  with  load  having  0.80  power-factor,  the 
spacing  and  size  of  wire  being  adjusted  to  give  the  following  con- 
stants for  the  line:  (a)  Resistance  of  line  =  2  ohms,  reactance  =  4 
ohms;  (6)  Resistance  of  line  =  4  ohms,  reactance  —  2  ohms. 
Compare  and  discuss  these  results. 

Prob.  45-5.  If  the  frequency  were  reduced  from  60  cycles  to 
25  cycles  per  second  in  Prob.  44-5,  wliat  would  the  answers  to  ques- 
tions (a)  and  (6)  become?  Compare  these  values  with  each  other 
and  with  corresponding  values  from  Prob.  44-5. 

Prob.  4^6.  Required,  to  calculate  what  size  conductor  is  re- 
quired for  the  transmission  specified  in  Example  1,  with  a  spacing 
of  30  inches,  in  order  that  the  voltage  regulation  of  the  line  shall 
not  exceed  8  per  cent.  Power-factor  of  load  assiuned  100  per  cent. 
Proceed  as  follows: 

(a)  Find  tentative  value  for  size  of  fine  (B.  &  S.  gauge  mmiber, 
or  circular  mils),  on  the  assumption  that  entire  change  of  voltage  is 
due  to  resistance  only. 
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(6)  Using  reactance  taken  from  tables  for  this  size  and  the 
g^ren  spacing,  calculate  the  regulation  of  the  line. 

(c)  If  the  regulation  obtained  in  (6)  differs  appreciably  from  the 
specified  value,  repeat  the  calculation  for  the  next  larger  or  smaller 
sizes  of  conductor  with  same  spacing,  and  so  on  until  the  proper 
size  is  found. 

Prob.  47-5.  Deduce  an  expression  or  equation  to  show  the  re- 
lation of  the  most  economical  size  of  conductor  (circular  mils)  to 
the  factors  upon  which  it  depends,  such  as  amount  of  power  to  be 
delivered  (P  watts),  pressure  at  load  (E  volts  between  line  wires), 
power-factor  (cos  ^),  cost  per  pound  of  installed  conductor  (c  dol- 
lars), fixed  charges  (p  per  cent),  value  of  one  kilowatt-hour  saved 
{h  dollars),  and  equivalent  number  of  hours  used  per  year  of  rated 
load  (y  hours).  Assume  three-phase  three-wire  lines  of  annealed 
copper. 

Prob.  4d-5.  Solve  Prob.  47-5  on  basis  of  a  three-phase  three- 
wire  line  of  aluminum  cable.    See  Prob.  2-5  for  data  on  aluminum. 

Prob.  49-6.  Solve  Prob.  47-5  on  basis  of  a  single-phase  two- 
wire  line  of  copper  conductors. 

Prob.  60-5.  Solve  Prob.  47-5  on  basis  of  a  four-wire  two-phase 
fine  of  copper  conductors. 

Prob.  51-6.  Using  the  method  of  procedure  outlined  in  Prob. 
46-5  and  the  data  given  in  Prob.  13-5,  calculate  what  size  of  con- 
ductor (B.  &  S.  gauge,  or  circular  mils,  nearest  standard  size) 
should  be  used  to  keep  the  voltage  regulation  of  this  three-phase 
line  within  8  per  cent. 

Prob.  63-6.  If  the  load  at  B  in  Prob.  26-5  consisted  of  over- 
excited synchronous  motors,  so  that  the  90  per  cent  power-factor 
was  due  to  a  leading  current,  what  would  be  the  values  of  (a)  in 
Prob.  20-5? 

Prob.  63-6.  The  voltage  of  a  central  station  is  13,000  volts,  60 
cycles,  three-phase.  How  far  can  this  station  transmit  1000  kw.  at 
85  per  cent  power-factor  with  a  line  regulation  of  15  per  cent? 
Conductors  are  No.  000  stranded  copper  spaced  36  inches  equi- 
distant. 

Prob.  64-6.  If  the  power-factor  of  the  load  in  Prob.  53-5  were 
raised  to  unity,  how  much  farther  could  the  power  be  transmitted 
with  the  same  regulation? 

Prob.  66-6.  An  eleven-mile  three-phase  line  with  16,000  volts, 
60  cycles,  at  the  sending  end  is  to  supply  power  at  92  per  cent 
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power-factor  and  8  per  cent  regulation.  The  line  consists  of 
stranded  aluminum  cables  spaced  36  inches  equidistant  and  of  a 
size  equivalent  in  resistance  to  250,000  cir-mil  copper.  How 
much  power  can  it  deliver  under  these  specifications? 

Prob.  66-5.    In  the  system  shown  in  Fig.  201,  the  distance  be- 
tween the  generating  station  G  and  the  receiving  end  is  8  miles. 


Fig.  201.     Diagram  of  a  system  for  transmitting  the  power  of  the 
station  G  to  the  three  single-phase  transformers  A,  B  and  C. 


The  voltage  at  the  receiving  end  is  11,000  volts,  60  cycles,  when 
each  transformer  has  its  full  load  of  600  kw.  at  90  per  cent  power- 
factor.  The  line  wires  consist  of  400,000  cir-mil  stranded  copper 
spaced  3  feet  apart,  as  in  Fig.  195.  Compute  the  voltage  at  the 
generating  station. 

Prob.  67-6.  The  transformers  of  Prob.  56  become  loaded  as 
follows:  Each  transformer  has  a  load  of  500  kw.  at  80  per  cent 
power-factor.  Assuming  that  the  voltage  at  generator  station  re- 
mains as  in  Prob.  56,  what  will  the  voltage  across  each  load  trans- 
former become?  Check  your  computed  voltages  and  state  per 
cent  error. 

Prob.  58-6.  What  e.m.f.  will  be  obtained  between  line  wires  at 
the  load  end  of  a  three-phase  three-wire  line  10  miles  long,  of  No. 
000  copper  with  wires  spaced  as  in  Fig.  195  and  30  inches  apart 
(constants  as  in  Tables  I  and  III  of  Appendix  B),  carrying  a  bal- 
anced 60-cycle  load  of  80  amperes  per  wire  from  a  generator  whose 
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e.m.f.  is  11,000  volts  between  any  two  terminals?    Power-factor 
at  generator  is  80  per  cent. 

Prob.  69-6.  Calculate  the  voltage  at  the  load  end  of  the  line 
in  Prob.  58  when  the  current  is  40  amperes  and  when  it  is  120 
amperes  per  wire,  while  the  voltage  at  the  generator  terminals 
and  the  power-factor  at  the  load  remain  constant.  Draw  a  curve 
to  suitable  scale,  using  kv-a.  delivered  as  abscissas,  and  load  voltage 
as  ordinates  (voltage  characteristic  of  the  line).  Discuss  the  form 
of  this  curve. 

Prob.  60-6.  While  the  line  specified  in  Prob.  58  is  delivering 
60  amperes  per  wire  at  87  per  cent  power-factor  to  a  balanced  load 
at  the  end  of  the  line,  another  balanced  three-phase  load  of  40 
amperes  per  wire  at  50  per  cent  power-factor  is  tapped  from  the 
middle  point  of  the  line.  Calculate  the  voltage  between  line  wires 
and  the  kilovolt-amperes  and  kilowatt  output  at  each  load.  The 
station  pressure  is  11,000  volts. 

Prob.  61-6.  Calculate  the  amperes  per  wire  and  the  power- 
factor  at  the  station  for  Prob.  60.  Calculate  also  the  total 
kilovolt-amperes  and  kilowatt  output  at  the  station^  and  the 
efficiency  of  transmission. 

Prob.  62-6.  If  the  voltage  impressed  upon  the  sending  (station) 
end  of  the  line  of  Prob.  58  is  11,000,  what  will  be  the  voltage  be- 
tween wires  at  the  receiving  end  where  a  balanced  load  of  870  kw. 
at  87  per  cent  power-factor  is  being  consumed?  What  will  be  the 
current  per  wire  and  the  station  power-factor  under  this  condition? 
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REACTANCE 

The  city  of  Oakland,  Cal.,  is  supplied  with  electric  power 
from  the  Big  Bend  power  plant  154  miles  away.  A  map 
showing  the  location  of  the  line  is  shown  in  Fig.  202.  Two 
three-phase  lines  are  run  on  the  same  towers  in  the  manner 

shown  in  Fig.  203.       Each 
p?we?r?iit  conductor  is  a  seven-strand 

copper  cable,  No.  000  B.  4  S. 
gauge.  A  three-phase  gener- 
ator by  means  of  transform- 
ers can  supply  10,000  kv-a. 
at  100,000  volts,  60  cycles,  to 
the  power-plant  end  of  the 
line. 

Here  is  a  long  high-voltage 
transmission  line,  the  charac- 
teristics of  which  aire  essen- 
tially different  from  the  short 
lines    which    we  studied   in 
Fig.  202.     Map  showing  the  route    the  previous  chapter.     Many 
of  the  100,000-volt  line  from  Big    f^^^^  ^^^^  ^  jjght  which  are 
Bend  to  Oakland,  Cal.     Facdali      ,      .^^  i_  /»     . 

in  the  Trans.  A.I.E.E.  startling,  when  we  first  per- 

ceive  them.  For  instance, 
when  the  Oakland  end  of  the  line  was  open,  an  ammeter 
inserted  in  the  line  wire  near  the  power  plant  showed  that  a 
current  of  48  amperes  was  flowing  along  the  conductors  at 
the  power-house  end.  The  voltage  between  the  conductors 
at  the  open  Oakland  end  was  found  to  be  111,000  volts, 

while  at  the  power  plant   end   it   was   only  89,600  volts. 
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Why  should  this  lai^  current  flow  into  the  hne  conductors 
when  the  receiving  end  is  open?     Why,  under  these  condi- 


Fiu.  203.     Type  of  transmissioii  linea  used  on  the  Big  Bend-Oakland 
Line.    Faccioli  in  the  Tram.  A.I.E.E. 


lions,  should  the  voltage  at  the  receiving  end  be  higher  than 
the  voltage  at  the  sending  end? 

73.  Capacitance.  The  answer  to  these  questions  involves 
a  study  of  the  characteristics  peculiar  to  long  transmission 
lines.  The  line  current  of  48  amperes,  for  instance,  is  due 
to  the  fact  that  these  wires,  154  miles  long,  offer  a  large 
surface  which  must  be  covered  by  the  electric  charge  every 
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time  the  voltage  changes.  Thus  when  the  voltage  is  rising 
to  its  maximum  positive  value,  a  charge  of  electricity  is 
forced  out  over  the  line  wire  to  fill  it  up  with  electricity. 
Then  as  the  pressure  dies  out,  this  charge  flows  back,  there 
being  no  pressure  to  keep  it  forced  out  along  the  wire. 

It  is  as  though  we  were  forcing  water  through  an  elastic 
pipe.  Even  though  the  far  end  of  the  pipe  were  plugged,  the 
walls  would  stretch  and  allow  a  quantity  of  water  to  flow  into 
the  pipe.  This  quantity  would  depend  upon  how  elastic  the 
pipe  was  and  upon  how  great  the  pressure  was.  As  soon  as 
the  pressure  on  the  pipe  was  removed,  the  elasticity  of  the 
pipe  would  cause  the  water  to  flow  back  again.  Thus  if 
the  pressure  were  intermittent  or  alternating,  there  would  be 
an  intermittent  or  an  alternating  surge  of  water  through  the 
sending  end  of  the  pipe. 

Similarly  the  electric  line  possesses  a  sort  of  elasticity  to 
the  electricity.  Electric  elasticity  is  called  the  Capacitance  of 
the  line. 

This  electric  elasticity,  or  capacitance,  allows  an  electric 
pressure  to  send  a  charging  current  into  the  line  in  order  to 
fill  it.  This  sets  up  a  sort  of  electric  strain  along  the  wire, 
so  that  when  the  applied  pressure  is  removed,  the  back- 
pressure due  to  this  electric  strain  forces  back  the  electricity, 
just  as  the  pressure  due  to  the  strained  condition  of  the  water 
pipe  forces  back  the  water  as  soon  as  the  applied  water 
pressure  is  removed.  Accordingly,  if  the  electric  pressure 
is  continually  alternating,  the  electricity  will  be  forced  out 
and  back  along  the  line,  producing  an  alternating  current 
of  electricity  along  the  conductor. 

We  have  said  that  the  amount  of  the  water  forced  in  ami 
out  of  a  water  pipe  depends  upon  how  great  the  elasticity  of 
the  pipe  line  is  and  upon  how  large  the  appUed  pressure  is. 
Similarly  the  amount  of  electricity  forced  out  and  back 
along  a  conductor  depends  upon  how  great  the  elasticity 
(or  capacitance)  of  the  line  is,  and  upon  how  much  pressure 
is  applied  to  it.     In  fact,  we  measure  the  capacitance  of  a 
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conductor  by  the  quantity  of  electricity,  in  ampere-seconds, 
which  one  volt  pressure  can  supply  to  a  conductor  when 
applied  to  it. 

If  Hie  elasticity  (or  capacitance)  of  the  conductor  is  so  large 
that  a  pressure  of  one  volt  causes  one  ampere-second  (one 
coulomb)  of  electricity  to  be  supplied  to  the  conductor,  we  say 
that  the  conductor  has  unit  capacitance. 

This  unit  of  capacitance  of  one  ampere-second  per  volt  is 
called  a  Farad.  But  no  conductor  has  such  a  large  capaci- 
tance that  one  volt  pressure  can  force  anywhere  near  an 
ampere-second  on  it,  so  we  commonly  use  one-millionth  of 
the  farad  as  a  unit  capacitance  and  call  it  a  Microfarad. 

Thus  a  conductor  has  a  microfarad  capacitance  when  the 
application  of  one  volt  supplies  one-millionth  of  an  ampere- 
second  to  the  conductor.  This  154-mile  conductor  has  a 
capacitance  of  only  2.2  mf.  and  one  volt  pressure  would 
supply  only  0.0000022  amp-sec.  to  it. 

Thus  when  there  is  no  pressure  between  the  ground  and 
a  conductor  of  2.2  mf.  capacity,  there  is  no  electric  charge 
upon  it,  but  when  there  exists  a  steady  pressure  of  one  volt 
between  the  ground  and  the  conductor  there  is  a  charge 
of  2.2  millionths  of  an  ampere-second  upon  the  conductor. 

If  the  voltage  between  the  ground  and  the  conductor 
were  raised  to  a  steady  value  of  2  volts,  there  would  be  an 
electric  charge  of  4.4  millionths  of  an  ampere-second  on 
the  conductor.  A  steady  value  of  100,000  volts  between 
the  conductor  and  the  ground  would  put  a  charge  of  0.22 
amp-sec.  upon  the  conductor. 

74*  Condensers.  The  combination  of  the  ground  and 
the  wire  is  said  to  constitute  a  condenser.  Any  two  con- 
ductors separated  by  a  non-conductor,  such  as  air,  mica, 
glass,  etc.,  make  a  condenser. 

The  capacitance  of  a  condenser  depends  upon  how  much 
surface  the  two  conductors  have,  how  far  apart  the  conduc- 
tors are,  and  what  kind  of  material  is  between  them.  It  does 
not  depend  upon  the  kind  of  material  in  the  conductors. 


366 


ALTERNATING-CURRENT  ELECTRICITY 


If  the  surfaces  of  the  two  conductors  are  large,  if  the  dis- 
tance between  them  is  very  small,  and  if  the  material  in  this 
separating  space  is  glass  or  mica,  the  capacitance  of  the 
condenser  will  be  comparatively  large.  Conmiercial  con- 
densers for  use  with  induction  coils  are  made  by  putting 
thin  strips  of  mica  or  oiled  paper  between  sheets  of  tin  or 
lead  foil.  The  sheets  of  foil  constitute  the  conductors  and 
the  mica  acts  as  an  insulator.  Mica  thus  used  is  called 
the  dielectric. 

Fig.  204  shows  the  conventional  diagram  of  such  a  con- 


Battery  Cell 


I 


OoDdeDBer 


Fig.  204.    The  conventional  diagram  of  a  con- 
denser connected  to  a  battery  cell. 


Fia.  205.  The  con- 
ventional symbol 
used  to  represent 
capacitance. 


denser  joined  to  a  battery  cell.  Note  that  alternate  plates 
are  joined  to  one  side  of  the  line  and  the  remaining  plates 
to  the  other  battery  terminal.  This  gives  a  large  area  to 
each  conductor,  and  at  the  same  time  places  the  conductors 
very  near  to  each  other.  The  dielectric  is  not  represented 
in  the  diagram.  The  conventional  form  for  illustrating 
capacitance  is  the  symbol  of  Fig.  205. 


FiQ.  206.    Conventional  diagram  of  a  line  wire,  the  capacitance  (to 
ground)  of  which  is  represented  by  two  condensers,  one  at  each  end. 

Thus  Fig.  206  represents  a  transmission  wire,  with  the 
capacitance  to  ground  considered  as  concentrated  in  a  con- 
denser at  each  end.    This  is  much  simpler  in  computa- 


LONG  TRANSMISSION  LINES.     CAPACITANCE     367 

tions  than  considering  the  line  to  have  its  elasticity  or 
capacitance  distributed  along  the  line.  The  transmission 
line  can  then  be  likened  to  a  non-elastic  pipe  line  with  an 
air  chamber  at  each  end. 

Example  1.  The  ground  and  one  wire  of  the  Big  Bend-Oakland 
line  constitute  a  condenser  of  2.2  mf.  capacity.  If  a  pressure  of 
110  volts,  direct  current,  is  applied  between  the  wire  and  the 
groimd,  how  much  electricity  will  be  forced  on  the  wire? 

1  volt  will  force  0.0000022  amp-sec.  on  the  wire. 

110  volts  will  force 

110  X  0.0000022  =  0.000242  ampwsec. 

Or  in  the  form  of  an  equation 

Q^CE 
when  Q  =  quantity  of  electricity  in  amp-sec. 

C  —  capacitance  of  condenser  in  farads. 

E  =  pressure  between  conductors  in  volts. 

In  this  case, 

Q  =  0.0000022  X  110 
=  0.000242  amp-sec. 

Example  2.    If  the  electricity  takes  0.002  sec.  to  fill  up  the  line 

in  Example  1,  what  average  current  wiU  flow  into  the  line  during 

the  time  of  charging? 

.  ^      Quantity      amp-sec. 

Av.  current  =  — = =  — 

Time  sec. 

amperes  X  seconds 

= ; =  amperes 

seconds 

0.000242 

0.002 

=  0.121  amp. 

Prob.  1-6.  What  is  the  capacitance  of  a  condenser  that  holds 
0.012  ampere-second  under  a  pressure  of  110  volts? 

Prob.  a-6.  How  many  volts  would  be  required  to  put  0.07 
ampere-second  into  the  condenser  of  Prob.  1? 

Prob.  S-6.  The  capacitance  of  a  condenser  is  30  mf .  How 
many  ampere-seconds  will  it  hold  when  the  pressure  is  220  volts? 

Prob.  4r^.  What  is  the  average  charging  current  if  it  takes 
0.05  sec.  for  the  condenser  in  Prob.  3  to  become  fully  charged  on  a 
110-volt  circuit? 


368  ALTERNATING-CURRENT  ELECTRICITY 

Prob.  5-6.  If  the  condenser  in  Prob.  4  were  placed  on  a  240- 
volt  circuit  and  it  took  same  length  of  time  to  charge,  what  would 
be  the  average  current? 

75.  Cause  of  Condenser  Action.  Condenser  action  is 
best  explained  by  referring  to  the  generally  accepted  theory 
that  electricity  consists  of  two  kinds,  —  one  called  positive 
electricity  and  the  other,  n^ative  electricity. 

Thus,  by  this  theory,  a  battery  or  a  generator  sends  out 
two  streams  of  electricity,  one  flowing  around  the  circuit 
in  one  direction,  the  other  in  the  other  direction.  In  Fig. 
207,  the  battery  cell  may  be  thought  of  as  sending  out  a 

stream  of  positive  charges  to  the 


++  + 


+++_        plate  A,  and  of  negative  charges  to 


the  plate  i?,  since  A  is  connected 

to  the  positive  terminal  and  B  to 

the  negative  terminal  of  the  bat- 

u"  -J  ^j  ?  ^^J^y  \^Yy^  According  to  this  theory 
be  considered  to  send  out  1,1.^1  ,    .  ,        . 

positive  charges  of  elec-  one-half  of  the  work  m  an  electric 
tricity  to  plate  i4  and  neg-  circuit  is  done  by  the  positive 
ative  charges  to  plate  B.      charges  flowing  in  one  direction, 

and  the  other  half  by  the  n^^tive 
charges  flowing  in  the  other  direction.  This  part  of  the 
theory  need  not  confuse  us,  since  the  work  done  is  the  same 
whether  it  is  all  done  by  the  negative  or  all  by  the  posi- 
tive or  is  divided  between  the  two. 

The  part  of  the  theory  that  particularly  interests  us  is 
that  which  deals  with  these  two  kinds  of  electricity,  nega- 
tive and  positive,  in  their  effects  upon  each  other. 

It  has  been  found  by  experiment  that  the  laws  for  bodies 
80  charged  are  similar  to  the  laws  for  bodies  magnetized. 
It  must  not  be  inferred  from  this  statement  that  electricity 
and  magnetism  are  the  same.  They  are  not  the  same,  though 
they  exhibit  peculiar  interrelations  and  analogies. 

Electrified  bodies  resemble  magnetized  bodies  in  that 
bodies  charged  with  the  same  kind  of  electricity  repel  one 
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another,  while  bodies  charged  with  unlike  kinds  fittract 
one^ another.    This  is  usually  illustrated  as  follows: 

If  we  bring  near  together  two  objects  which  have  unlike 
charges,  they  attract  each  other  with  considerable  force: 
and  the  charge  on  one  seems  to  attract  the  charge  on  the 
other. 

Thus  A,  in  Fig.  208,  represents  an  insolated  wire  which 


Fig.  208.  The  dectrio 
charge  on  an  isolated 
wire  would  be  distrib- 
uted practically  uni- 
formly around  the  wire. 


Fig.  209.  Two  like  charges  would 
repel  each  other  and  cause  this 
unequal  distribution  on  the  con- 
ductors placed  near  each  other. 


Fig.  210.  Two  unlike  charges 
attract  each  other. 


has  a  positive  charge  of  electricity.  The  charge  is  distrib- 
uted practically  uniformly  around  the  wire.  If  a  wire  B 
similarly  charged  were  brought 
near  A,  the  charges  would  appear 
to  repel  each  other  and  the  dis- 
tribution would  be  somewhat  as 
in  Fig.  209.  If,  however,  a  wire  C 
n^atively  charged  were  brought 
near  A,  the  charges  would  appear 

to  attract  each  other  and  the  distribution  would  be  as  in 
Fig.  210.  The  two  charges  in  this  case  are  said  to  bind  each 
other. 

Now  suppose  wire  A  were  connected  to  a  source  of  supply 
of  positive  electricity  as,  for  example,  to  the  positive  termi- 
nal of  a  battery  cell  or  a  generator,  and  wire  C  were  con- 
nected to  a  source  of  supply  of  negative  electricity,  for 
example,  the  negative  terminal  of  a  cell  or  a  generator. 
Fig.  207  represents  such  a  case.  It  is  easy  to  imagine  now, 
how  the  positive  charge  on  A  draws  a  much  larger  negative 
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charge  from  the  battery  cell  out  to  B  than  if  A  were  not 
near  B.  Also  the  negative  charge  on  B,  in  turn,  attracts 
a  much  larger  charge  of  positive  electricity  from  the  battery 
cell  out  to  A,  The  nearer  A  and  B  are  together,  the  greater 
this  attraction  will  be,  and  the  greater  the  charge  each  will 
have.  In  this  way  the  binding  effect  of  one  charge  on 
another  is  very  evident.  The  result  is  that  two  plates  will 
hold  a  larger  charge,  with  the  same  difference  of  potential 
or  voltage  between  them,  if  they  are  near  together,  than  if 
they  are  separated  by  a  large  distance.  They  will  thus 
have  a  greater  capacitance  according  to  our  definition  of 
capacitance.  Of  course  the  larger  the  plates,  the  greater 
the  capacitance  also. 

76.  A  Transmission  Line  as  a  Condenser.  Now  a  con- 
ductor of  a  transmission  line  acts  as  one  plate  of  a  con- 
denser, and  the  ground  as  the  other  plate.  When  the  wire 
is  charged  with  positive  electricity,  it  tends  to  repel  the 
positive  electricity  from  that  part  of  the  ground  nearest 
the  wire,  and  to  attract  or  "bind"  the  negative  charge  in 
the  earth  near  the  wire.*  The  binding  effect  of  these  two 
charges  upon  each  other  produces  the  condenser-effect  of 
the  line.  Two  wires  near  each  other  may  act  as  the  two 
plates,  and  the  air  between  as  the  dielectric.  In  under- 
ground cables  the  cable  acts  as  one  plate  of  a  condenser, 
the  protective  sheath  of  lead  acts  as  the  other  plate  of  the 
condenser,  and  the  insulating  material  as  the  dielectric. 
Due  to  the  nearness  of  the  ground  or  sheath  to  the  wires  in 
underground  cables,  the  capacitance  of  such  lines  is  very 
large  in  comparison  with  the  capacitance  of  the  usual  over- 
head lines. 

Since  most  transmission  lines  consist  of  at  least  two  con- 

*  Experience  seems  to  indicate,  in  terms  of  the  theory  just  stated, 
that  when  a  conductor  is  apparently  not  charged  either  positively  or 
negatively,  it  in  reality  contains  equal  charges  of  negative  and  positive 
electricity  which  exactly  neutralize  each  other.  A  charge  on  a  con- 
ductor thus  means  an  excess  of  positive  or  of  negative  electricity. 
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A^ 


ductors,  it  is  more  convenient,  in  computing  the  capacity 
of  a  line,  to  consider  one  wire  as  one  plate  of  a  condenser 
and  the  return  wire  as  the  other  plate  and  to  neglect  the 
effect  of  the  ground.  The  error  in- 
volved in  this  method  is  very  slight 
indeed,  as  will  be  seen  from  a  study 
of  the  diagram  of  Fig.  211.  If  con- 
ductor A  at  any  instant  were  posi- 
tive, the  return  conductor  B  would 
at  that  instant  be  negative,  thus 
forming  the  positive  and  negative 
plates  of  a  condenser  with  an  air 
dielectric.  The  conductor  A  would 
tend  also  to  bind  a  n^ative  charge 
on  that  portion  of  the  ground 
nearest  the  wire,  and  B  would 
tend  to  bind  a  positive  charge  on 
that  portion  of  the  ground  nearest 
the  wire  B.  But  both  wires  are  so 
near  to  each  other  and  so  far  from 
the  ground  that  one  wire  affects 
any  point  on  the  ground  with  al- 
most the  same  strength  as  the 
other  wire,  and  thus  one  just  about 
neutralizes  the  other's  effect,  as  far 
as  binding  a  charge  on  the  ground  is  concerned.  Thus  the 
ground,  not  being  oppositely  charged  with  respect  to  either 
wire,  does  not  act  to  either  as  the  plate  of  a  condenser. 
The  same  is  true  of  the  sheath  of  a  cable  containing  more 
than  one  conductor. 

77.  Condensers  in  Parallel  and  in  Series.  In  order  to 
understand  the  application  of  the  formula  for  the  capaci- 
tance of  transmission  lines  it  is  necessary  to  note  the  ef- 
fect of  joining  a  number  of  condensers  in  Parallel  and  in 
Series. 


Fig.  211.  The  conductors 
A  and  B  cause  about 
equal  amounts  of  positive 
and  negative  charges  to  be 
bound  on  the  ground  at 
the  base  of  the  pole.  Thus 
one  wire  neutralizes  the 
other  as  far  as  the  capac- 
itance to  ground. 
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CORDEnSERS  IN  PARALLEL.    Consider  two  condensers  I  and  II, 
Fig.  212,  joined  in  parallel  across  the  mains,  the  voltage  of  which 


II 


Ci 


c« 


Qt 
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Fig.  212.  The  two  condensers  I  and  II  are  joined  in  parallel  across  a 
line  having  a  voltage  of  E.  The  capacitance  of  the  two  parallel 
condensers  equals  Ci  -f  Cj. 

is  E.    The  capacitance  of  condenser  I  is  Ci;  of  condeiSer  II,  Cs. 
Find  the  combined  capacitance  of  the  two  when  so  joined. 

Let  C  be  the  combined  capacitance; 

Qi  =  quantity  of  charge  in  condenser  I; 
Qt  =  quantity  of  charge  in  condenser  II. 

Then  total  quantity  in  both  condensers  =  Qi  +  Q%, 

(1)  Qi  +  Q2  =  CE, 

(Quantity  of  total  charge  equals  total  voltage  times  total  capaci- 
tance.) 

But  Qi  =  CiE 

and  Qj  =  CJl. 

Therefore  (2)  Qi  +  Qj  =  (Ci  +  Ct)  E. 

From  (1)  and  (2)  we  have 

CE=(Ci  +  Ct)E, 
or 

C  =  Ci  +  C2. 

Thus  the  capacitance  of  condensers  joined  in  parallel  equals 
the  sum  of  the  capacitances  of  the  separate  condensers.  Join- 
ing condensers  in  parallel  is  merely  adding  the  plate  area  of  one  to 
that  of  the  other. 

Example  3.  What  is  the  capacitance  of  4  condensers  of  3,  0.2, 
7  and  2.5  microfarads  respectively,  when  joined  in  parallel? 

(7  =  Ci  -j-  w  -j-  .  .  .  . 

C  =  3  -f  0.2  +  7  +  2.5  =  12.7  microfarads. 

Prob.  6-6.  What  charge  is  sent  into  condenser  I,  Fig.  212, 
when  E  =  120  volts?    Capacitance  of  I  =  6  mfs. 

Prob.  7-6.  (a)  What  charge  is  sent  into  condenser  II,  Fig.  212, 
when  E  =  120  volts?  (6)  What  charge  goes  to  combination? 
Capacitance  of  II  =  4  mfs. 
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COHDBNSBRS  IN  SERIES.    CondenBers  in  series  present  a  pecu- 
liar phenomenon.    Let  condenser  I  of  capacitance  Ci,  Fig.  213,  be 
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TiQ.  213.    The  condeDsers  I  and  II  are  joined  ia  series  across  the  line 
having  a  voltage  of  E.    The  capacitance  of  the  series  combinations 

of  condensers  equals  7^  +  7; 

joined  in  series  with  condenser  II  of  capacitance  C2.  Let  E  be 
voltage  across  combination,  Ei  across  condenser  I,  and  E2  across 
condenser  II. 

The  charge  Q  is  sent  into  the  condensers  under  the  action  of  the 
voltage  E.  Since  the  two  condensers  are  in  series  the  same  charge 
must  be  sent  into  each,  just  as  the  same  current  is  sent  through 
resistances  in  series.  Thus  the  charge  sent  into  each  is  Q,  and  the 
charge  sent  into  the  combination  is  also  the  same  Q. 

Let  C  B  combined  capacitance  of  Ci  and  C^. 


(1) 


s=? 


s.  =  ^ 


Q. 
c' 

Q. 


But 

(2)  E 

Therefore,  from  (1)  and  (2), 

Q 
C 
and 

1 
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Thus  the  reciprocal  of  the  combined  capacitance  of  condensers 
in  series  equals  the  sum  of  the  reciprocals  of  the  capacitances 
of  the  separate  condensers. 

Example  4.  If  the  capacitance  of  condeDser  I  in  Fig.  213  is 
2  inf.  and  that  of  condenser  II,  5  mf.,  what  is  the  capacitance  of 
the  two  condensers  joined  in  series? 

1=1  +  1; 
C     Ci     C2 

1  =  U1  =  1. 

C     2^5      10' 
C  =  y  =1.43mf. 

Prob.  6-6.  What  charge  is  sent  into  the  condensers,  of  above 
example,  if  the  voltage  across  the  combination  is  120  volts? 

Prob.  lh-6.  What  is  the  voltage  across  condenser  I  and  across 
condenser  II,  Fig.  213,  if  voltage  across  the  two  in  series  is  120 
volts?    Capacitance  of  I  =  8  mf .,  of  II  =  3  mf . 

For  the  purpose  of  calculating  line  capacitance  it  is  merely 
necessary  to  know  that: 

Joining  in  parallel  two  condensers  of  equal  capacitance  pro- 
duces a  combination  having  double  the  capacitance  of  each 
condenser. 

Joining  these  condensers  in  series  produces  a  combination 
having  half  the  capacitance  of  each. 

78.  Formula  for  Capacitance  of  Overhead  Cables.  Two- 
Wire.  If  we  had  to  work  with  two-wire  lines  only,  the 
simplest  formula  for  capacitance  would  be 

^    _  0.0194* 
Cm  -  ^ 

logio; 
r 

in  which 

Cm  =  capacitance,  in  microfarads,  of  one  mile  of  line 
(2  wires). 
8  ==  distance  between  wire  centers  in  inches, 
r  =  radius  of  each  wire  in  inches. 

*  For  the  derivation  of  this  formula,  see  Pender's  "  Principles  of  Elec- 
trical Engineering/'  page  271. 
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Example  6.    What  is  the  capacitance  of  a  40-mile  two-wire  line, 
if  the  conductors  are  No.  00  solid  wires  and  spaced  4  feet  apart? 
By  the  formula,  the  capacitance  per  mile: 

0.0194 


C«  = 


log- 
r 


»  =  48  inches. 

d  =  diameter  of  No.  00  wire  =  0.3648  inch, 
r  =  0.182. 
0.0194 


C„  = 


log 


48 


0.182 
=  0.00802  mf . 

Fig.  214  shows  the  distribution  of  capacitance  in  a  4-mile  hne. 
The  capacitance  of  each  mile  of  the  line  is  represented  by  a  con- 
denser placed  between  the  line  wires.    Note  that  the  four  conden- 


Fig.  214.     The  capacitance  of  a  4-mile  line  equals  the  capacitance  of  four 
condensers  (each  being  the  capacitance  of  one  mile)  joined  in  parallel. 

sers,  each  representing  the  capacity  of  a  mile  length  of  wire,  are 
in  parallel.  The  capacitance  of  a  four-mile  line  is  therefore  equal 
to  four  times  the  capacitance  of  a  one-mile  length  of  the  line. 

Similarly  the  capacitance  of  40  miles  =  40  X  0.00802  =  0.321  mf. 
This  0.321  mf.  is  then  the  capacitance  of  the  line  consisting  of  two 
wires. 

79.  General  Formula  for  Capacitance  of  Overhead 
Lines.  Since  we  have  many  three-w^ire  lines,  and  in  order  to 
make  one  table  of  values  apply  to  both  two-  and  three-wire 
lines,  we  do  not  commonly  use  this  method  of  computing  the 
capacitance,  nor  this  way  of  stating  the  capacitance  of  the  line. 
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Instead  of  computing  the  capacitance  of  the  line,  we  com- 
pute the  capacitance  of  one  wire  only  of  the  line.  We 
consider  every  line  to  be  made  up  of  at  least  three  wires, 
one  of  which  may  be  an  imaginary  neutral  wire.  Consider  the 
two-wire  line  of  Fig.  215.     The  lines  A  and  B  represent 


c. 


c- 


Cb 


u 
Fia.  215.  The  capacitance  of  a  two-wire  line  may  be  assumed  to  be 
composed  of  the  capacitance  of  a  scries  arrangement  of  two  con- 
densers of  capacitance  Ca  and  Cb.  Ca  represents  the  capacitance 
of  wire  A  to  the  neutral  C,  and  Cb  the  capacitance  of  the  wire  B 
to  neutral. 

the  two  real  wires;  the  line  C,  midway  between  A  and  B, 
represents  an  imaginary  wire  which  is  the  neutral.  The 
capacitance  of  wire  A,  considered  with  relation  to  the  im- 
aginary neutral  wire  C,  would  be  represented  by  the  con- 
denser Ca'  The  capacitance  of  wire  B  considered  with 
relation  to  the  imaginary  neutral  C  would  be  represented 
by  the  condenser  C^.  The  capacitance  of  the  combination 
of  wires  A  and  B  would  be  the  capacitance  of  the  series 
combination  of  the  two  condensers  C^  and  Cb-  Now  the 
capacitance  of  a  series  combination  of  two  condensers  having 
equal  capacitance  is  one-half  the  capacitance  of  each  con- 
denser. Therefore  the  capacitance  of  the  two-wire  line  of  Fig. 
215,  which  is  the  capacitance  of  the  scries  combination  of  C^ 
and  Cb9  must  be  one-half  the  capacitance  of  either  C^  or  Cb- 

The  capacitance  represented  by  Ca  is  called  the  capaci- 
tance of  wire  A  with  respect  to  the  neutral,  and  the  capaci- 
tance represented  by  Cb  is  called  the  capacitance  of  wire  B 
with  respect  to  the  neutral. 

Thus  the  capacitance  of  a  two-wire  line  is  one-half  the 
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capacitance  of  one  wire  with  respect  to  the  neutral;  or  con- 
versely, the  capacitance  of  one  (either)  wire  with  respect  to 
the  neutral  must  be  twice  the  capacitance  of  a  two-wire  line. 
Accordingly,  since  the  formula  for  the  capacitance  per  mile 

.     ^         •     r      •            0.0194 
of  a  two-wu^  line  is  j 

Jog; 
r 

then  the  formula  for  the  capacitance  per  mile  of  one  wire 
with  respect  to  the  neutral  is 

0.0194 


Co  =  2X 


logio- 
r 


^       0.0388 

or  Co  =* 9 

logio; 
r 

when 

Co  =  capacitance  in  microfarads,  with  respect  to  neu- 
tral, per  mile  of  conductor. 
8  =  distance  between  conductor  centers,  in  inches, 
r  =  radius  of  each  conductor,  in  inches. 

This  is  the  formula  in  general  use  for  computing  the  capaci- 
tance of  all  types  of  overhead  transmission  regardless  of 
the  number  of  wires  used. 

Example  6.  How  great  a  charge  will  2000  volts,  direct  current, 
force  U[)on  a  120-mile  circuit  consisting  of  two  No.  000  stranded 
conductors  strung  18  inches  apart? 

Capacitance  to  neutral  per  mile  of  each  conductor  is  found  as 
follows: 

Outside  diameter  No.  000  bare  copper  cable  ia  0.470  inch. 

^       0.0388 
Co  =  — — 

log; 
T 

0.0388 


'°« (ois) 

0.0206  mf . 
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Capacitance  of  120  miles  of  wire  would  be  120  times  as  great  be- 
cause it  would  be  equivalent  to  120  condensers  of  this  capacitance 
joined  in  parallel. 

Capacitance  of  120  miles  =  120  X  0.0206 

=  2.472  mf . 
=  0.000002472  farad. 

Since  this  is  the  capacitance  of  one  wire  to  neutral  we  must 
use  the  voltage  from  one  wire  to  neutral  in  computing  the  charge. 

Voltage  between  wires  =  2000  volts. 

Voltage  from  one  wire  to  neutral  =  ^Y^  =  1000  volts. 

Volts  (to  neutral)  X  capacitance  (to  neutral)  =  charge. 

1000  X  0.000002472  =  0.00247  amp-sec. 

This  method  produces  the  same  result  as  though  we  considered 
the  capacitance  of  the  two  real  line  wires  as  being  \  of  2.472  = 
1.236  mf.  To  find  the  charge  on  the  line  we  would  multiply  this 
capacitance  between  the  two  wires  by  the  voltage  between  the 
wires. 

2000  X  0.000001236  =  0.00247  amp-sec.,  as  before. 

Prob.  10-6.  What  is  the  capacitance  of  one  wire  to  neutral,  for 
the  transmission  line  from  Big  Bend  to  Oakland  described  on  page 
362?  The  distance  between  wires  is  10  feet  and  the  conductors 
are  not  transposed.    See  page  342. 

Prob.  11-6.  The  transmission  line  from  Great  Falls  to  Green- 
ville, S.  C,  is  96  miles  long  and  consists  of  two  sets  of  three  No.  OO 
stranded  copper  cables.  Each  set  is  strung  in  horizontal  plane 
8  feet  apart  and  is  transposed.  Considering  each  set  separately, 
what  is  the  capacitance  from  each  line  conductor  to  neutral? 

Prob.  12-6.  What  direct-current  pressure  would  be  required 
between  any  two  adjacent  wires  in  the  same  set  of  the  line  in 
Prob.^  11  to  put  a  charge  on  them  of  0.002  amp-sec.? 

Prob.  lS-6.  In  Table  IV,  Appendix  B,  is  given  a  table  of  values 
of  the  capacitance  to  neutral  for  standard  solid  conductors  and 
standard  spacings.    Check  values  for  one  mile  of 

(a)  No.  2  wire  with  24-inch  spacing. 

(6)  No.  00  wire  with  8-foot  spacing. 

Prob.  14-6.    In  Table  VI,  Appendix  B,  is  a  table  of  capacitance 
to  neutral  for  standard  strands.    Check  value  of  one  of 
(a)  500,000  cir.  mils  spaced  30  inches. 
(6)  750,000  cir.  mils  spaced  15  feet. 


LONG  TRANSMISSION  LINES.     CAPACITANCE     379 


Prob.  15-6.  According  to  Table  VI,  Appendix  B,  what  should 
be  the  capacitance  of  one  conductor  to  neutral  of  the  transmission 
line  from  Big  Bend  to  Oakland?  Compare  with  result  calculated 
by  formula,  in  Prob.  10. 

80.  Effect  of  Impressing  an  Alternating  E.M.F.  upon  a 
Condenser.  Charging  Current.  We  have  seen  that  when 
an  alternating  e.m.f.  of  90,000  volts  was  impressed  across 
the  terminals  of  the  Big  Bend-Oakland  line,  a  current  of 
48  amperes  flowed  into  the  line,  even  when  the  line  was  open 
or  unloaded.  We  have  seen  that  this  current  is  due  to  the 
line  acting  like  a  condenser;  —  the  alternating  e.m.f.  alter- 
nately filling  the  line  with  electricity  and  emptying  it.  Let 
us  further  investigate  this  charging  cuirent,  as  it  is'  called. 

Capacitance  in  a  circuit  acts  like  air  chambers  in  a  pipe 
line,  tending  to  keep  the  pressure  constant.  Thus  con- 
densers in  an  alternating  current  circuit  may  be  thought  of 
as  reservoirs  in  which  electricity  is  being  stored  as  the 
pressure  rises  and  charges  them.  These  condensers  or  reser- 
voirs then  use  the  reacting  pressure  of  the  stored  charge  to 
maintain  the  current  when  the  impressed  e.m.f.  dies  out.    A 


e.ni>f> 


Carrent 


Fig.  216.  Note  that  the  wave  of  charging  current  is  always  90*^  ahead 
of  the  wave  of  impressed  e.m.f.  in  a  circuit  containing  capacitance 
only. 

current  will  thus  be  flowmg  into  the  line  as  long  as  the  volt- 
age continues  to  rise.  When  the  voltage  stops  rising,  the 
current  stops  flowing.  The  current  will  be  the  greatest 
when  the  rise  in  voltage  is  most  rapid.    Now  an  alternating 
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e.m.f.  is  rising  most  rapidly  just  as  it  is  passing  up  through 
the  zero  value.  The  charging  current  into  the  line  will 
therefore  be  flow  ng  at  its  maximum  rate  at  the  instant  when 
the  voltage  is  rising  and  going  through  its  zero  value.  Thus 
the  current  leads  the  e.m.f.  by  90°  while  the  voltage  is  grow- 
ing. Note  that  in  Fig.  216  as  the  curve  of  e.m.f.  passes  up 
through  its  zero  value,  the  curve  of  current  is  at  its  maxi- 
mum value.  Just  as  a  reservoir  would  start  to  discharge 
water  as  soon  as  the  pressure  fell  below  the  level  of  the 
water  in  it,  so  a  current  begins  to  flow  out  of  a  condenser  as 
soon  as  the  alternating  e.m.f .  begins  to  fall,  because  the  im- 
pressed e.m.f .  then  becomes  lower  than  the  opposing  internal 
pressure  across  the  condenser.  The  faster  the  pressure  falls, 
the  greater  is  the  current  flowing  out  of  the  condenser. 

Since  the  pressure  falls  fast- 
est as  it  passes  down  through 
its   zero  value,   the  current 
must  be  flowing  out  fastest 
at  this  instant.      Thus  the 
current  reaches  its  greatest 
negative  value  just  as  the 
e.m.f.  is  at  zero  and  is  about 
to  start  its  negative  values. 
Fig.  217.  Vector  diagram  of  charg-    The  current  is  therefore  still 
ing  current  and  impressed  e.m.f.    9Q0  ahead  of  the  impressed 
in  a  circuit  containing  capacitance    ^^itage.      Note  in  Fig.  216, 

how  the  current  curve  reaches 
its  maximum  value  — /m  just  as  the  voltage  has  dropped  to 
zero.  The  voltage  is  thus  at  its  180°  value  when  the  current 
has  reached  its  270°  value.  Similarly  it  can  be  shown  that 
at  every  instant: 

In  a  circuit  containing  capacitance  only,  an  alternating  cur- 
rent leads  the  impressed  alternating  e.m.f.  by  90°. 

It  can  be  shown  that  this  capacity  current  has  a  sine 
wave-form  if  the  impressed  e.m.f.  has  a  sine  wave-fomi. 
We  may  thus  represent  relations  of  both  the  current  and 
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the  e.m.f.  of  such  a  circuit  by  vector  diagrams.  Fig.  217 
shows  the  capacity  current  vector  I^  leading  the  voltage 
vector  Efn  by  90**.  The  instantaneous  value  of  the  capaci- 
tance current  can  be  found  from  the  diagram  by  writing  the 
equation 

i  =  Im  sin  (0  +  90°) 
in  which 

i  =  instantaneous  value  of  capacitance  cur- 
rent, in  amperes. 

In  =  maximum  value  of  capacitance  current, 
in  amperes. 

<t>  =  electrical  degrees  through  which  e.m.f.  has 
passed. 

81.  Charging  Current.  Capacity  Reactance.  Since  a  long 
transmission  line  acts  as  a  condenser,  an  alternating  capaci- 
tance current,  or  charging  current,  flows  in  it  when  an  alter- 
nating e.m.f.  is  applied  to  it.  The  value  of  this  charging 
current  can  be  computed  as  follows: 

The  opposition  which  the  alternating  e.m.f.  has  to  over- 
come in  setting  up  a  current  in  a  circuit  containing  capaci- 
tance only  is  called  the  Capacity  Reactance  of  the  circuit,  and 
is  measured  in  Ohms  just  as  the  Resistance  and  Inductive 
Reactance  are  measured  in  Ohms.  And  just  as  the  current  in 
a  circuit  containing  resistance  only  can  be  found  by  dividing 
the  e.m.f.  by  the  resistance,  and  the  current  in  a  circuit 
containing  inductance  only  can  be  found  by  dividing  the 
e.m.f .  by  the  inductive  reactance,  so  the  current  in  a  circuit 
containing  capacitance  only  can  be  found  by  dividing  the 
e.m.f.  by  the  capacity  reactance. 

The  equation  for  this  relation  is 

r       Ee 

in  which 

/  =  effective  charging  current,  in  amperes. 

Ec  =  effective  e.m.f.,  in  volts,  required  to  overcome 
the  capacity  reactance. 

Xe  =  capacity  reactance,  in  ohms. 
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Of  course 

this 

may 

be  written 

in  the  forms 
■  XJ 

and 

Xe  = 

I ' 

Example  7.  An  unloaded  transmission  line  is  a  practical  case 
of  a  circuit  containing  capacitance  only,  since  the  resistance  is 
negligible  when  compared  with  the  capacity  reactance.  The  capac- 
ity reactance  of  one  wire  to  neutral  of  a  single-phase  50,000- volt 
line  is  3500  ohms.    How  large  charging  current  flows  in  this  line? 

Capacity  reactance  for  one  wire  to  neutral  =  3,500  ohms. 
Voltage  to  neutral  =  25,000  volts. 


7  =  :^^ 

X. 


25,000 
3,500 


==  7.14  amperes. 


Thus  7.14  amperes  would  flow  out  and  in  at  the  sending  end  of 
the  hne,  even  though  the  far  end  were  open.  This  current  of  7.14 
amperes  would  lead  the  e.m.f.  by  90°.  Fig.  218  shows  the  vector 
diagram  for  this  current  and  voltage  relation. 


E-2B0M 


Fig.  218.  The  vector  I  representing  a  charging  current  of  7.14  amp. 
leads  by  90°  the  vector  E  representing  the  impressed  voltage  25,000 
volts. 

Prob.  16-6.  Draw  the  vector  diagram  for  above  example  with 
voltage  15°  after  it  has  passed  up  through  its  zero  value.  Find 
instantaneous  values  of  current  and  voltage. 

Prob.  17-6.  Effective  alternating  voltage  of  220  volts  (frequency 
60)  is  impressed  upon  a  circuit  containing  a  condenser  only.  If 
the  current  is  2  amperes,  what  is  the  capacity  reactance  of  the 
condenser? 
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Prob.  lft-6.  When  the  iiistantaiieoiuj  voltage  of  Prob.  17  is 
120  volts,  positive  and  increasing,  what  instantaneous  value  will  the 
current  have? 

Prob.  19-6.  What  voltage  is  necessary  to  force  a  maximum 
current  of  20  amperes  through  a  circuit  containing  50  ohms  of 
capacity  reactance? 

Prob.  20-6.  (a)  Draw  vector  diagram  and  determine  instan- 
taneous value  of  voltage  when  instantaneous  current  in  Prob.  19 
is  5  amperes,  positive  and  decreasing.  (6)  How  many  electrical 
degrees  will  the  voltage  have  passed  through  by  that  time? 

82.  Capacity  Reactance  of  Long  Transmission  Lines. 

In  working  with  the  capacitance  of  long  transmission  lines, 
it  is  convenient  in  our  computations  to  assume  that  the 
capacitance  of  the  line  is  all  contained  in  two  condensers  of 
equal  capacitance,  one  at  each  end  of  the  line,  instead  of  be- 
ing distributed  among  an  infinite  number  of  small  condensers 
strung  all  along  the  conductor.  Similarly,  we  find  it  con- 
venient for  the  sake  of  simplifying  our  computation  to  con- 
sider the  capacity  reactance  to  neutral  of  the  line  to  consist 
of  two  equal  capacity  reactances  placed  one  at  each  end  of  the 
line.    Thus,  in  Fig.  219,  the  capacity  reactance  Xc  of  one  wire 


i 


3 

Capacity  reactance i^ 
*"  7000  obms 


Fig.  219.  The  charging  current  as  indicated  by  the  ammeter  A  would 
equal  the  sum  of  the  currents  through  the  equal  capacity  reactances 
P  and  Q. 

to  neutral  may  be  represented  by  the  two  equal  reactances  P 
and  Q.  The  reactance  of  each  can  be  represented  by  (2  Xc), 
since  they  are  equal  and  are  in  parallel  with  each  other. 
Assume  Xe  equals  3500  ohms,  as  in  Example  7,  and  that  the 
voltage  to  neutral  at  the  sending  end  equals  25,000  volts  and 
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at  the  open  receiving  end  30,000  volts  to  neutral, 
ing  current  may  then  be  found  as  follows: 

r  /'  f  p\  —  voltage  across  P 
reactance  of  P 


The  charg* 


25,000 


=  3.57  amp. 


/(of<3)  = 


7000 
voltage  across  Q 

reactance  of  Q 
30,000 


7000 


=  4.28  amp. 


Since  these  two  currents  are  in  parallel  and  practically  in 
phase  with  each  other,  being  90**  ahead  of  the  voltage,  we  have 
merely  to  add  them  arithmetically  to  get  the  charging  current 
as  read  by  the  ammeter  A :  3.57  +  4.28  =  7.85  amp.  total 
charging  current.  The  value  7.14  amperes  is  obtained  in  Eic- 
ample  7,  where  we  consider  the  capacitance  to  be  concentrated 
in  one  condenser  at  the  middle  of  the  line.  The  above  two- 
end-condenser  method  is  the  simpler  and  rather  more  precise 
and  should  ordinarily  be  used  in  practical  computations. 

Note  by  examining  Fig.  220,  which  represents  a  direct-current 
circuit,  that  this  two-condenser  method  is  exactly  similar  to  the 


I  Jm^-" 


oluns 


lootouy  ?  I  tg 


Fig.  220.     The  line  current  indicated  by  the  ammeter  A  would  equal 
the  sum  of  the  current.s  through  the  equal  resistances  P  and  Q. 

method  we  use  in  considering  direct  currents,  to  find  the  line  cur- 
rent when  the  line  is  loaded  with  two  equal  resistances  at  P  and  Q» 

voltage  across  P 


I  (through  P)  = 


resistance  of  P 
120 


10 


=  12  amp. 
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I  (thro    h  0)  =  voltage  across  Q 

resistance  of  Q 

110      „ 
=  —  =  11  amp. 

The  current  through  the  ammeter  A,  then,  equals  the  sum  of 
these  two  currents  since  they  are  flowing  in  parallel. 

11  +  12  =  23  amp. 

Notice  that  we  may  set  this  computation  down  as  follows: 

Current  through  ammeter  A  =  -  --  +  — - 

^  120+110 

10 
=  23  amp. 

Similarly  we  may  set  down  the  computation  of  the  charging  cur- 
rent in  Fig.  219: 

,      25,000  ,  30,000 
Chargmg  current  =  -^^  +  -^^ 

^  25,000  +  30,000 

7000 
=  7.85  amp. 

Thus,  if  we  distribute  our  capacities  in  this  manner,  we 
have  merely  to  divide  the  sum  of  the  voltages  across  the  two 
assumed  condensers  by  the  capacity  reactance  of  one  of  the 
condensers  or  by  twice  the  capacity  reactance  of  one  line 
wire  to  neutral,  and  we  thereby  obtain  the  value  of  total 
charging  current  for  one  line  wire. 

It  must  be  noticed,  however,  that  the  capacity  reactance 
of  one  wire  to  neutral  is  not  the  sum  of  the  reactances  of 
the  two  condensers,  P  and  Q,  but  rather  it  is  just  one-half 
the  capacity  reactance  of  either.  This  is  clear  from  the 
direct  current  analogy  of  Fig.  220.  The  resistance  of  the 
load  P  and  Q  is  not  the  sum  of  the  resistances  of  the  two,  but 
rather  half  the  resistance  of  either.  Just  as  the  resistance 
of  the  combination  of  P  and  Q  =  ^  of  10  or  5  ohms,  so  the 
capacity  reactance  of  the  parallel-  combination  of  P  and  Q, 
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Fig.  219,  equals  J  of  7000  =  3500  ohms.  Or,  conversely, 
the  capacity  reactance  of  each  assumed  condenser  equals 
twice  the  capacity  reactance  of  the  line  to  neutral.  The 
rule,  then,  for  finding  the  charging  current  of  any  trans^ 
mission  line  is: 

Divide  the  SUM  of  the  voltages  to  neutral  at  each  end  by 
TWICE  the  capacity  reactance  of  one  line  wire  to  neutral. 

Similarly  if  we  know  the  charging  current  and  the  volt- 
age to  neutral  at  each  end,  we  divide  the  sum  of  these 
two  voltages  by  the  charging  current.  This  gives  us  the 
capacity  reactance  of  one  of  the  assumed  condensers.  We 
have  now  merelv  to  remember  that  the  line  consists  of  two 
such  condensers  in  parallel  and  its  capacity  reactance  is 
therefore  one-half  the  capacity  reactance  of  one  assumed 
condenser. 

Of  course,  the  actual  conditions  in  a  circuit  are  that  the 
line  constitutes  an  infinite  number  of  minute  condensers. 
Thus  the  charging  current  entering  a  line  from  the  generator 
terminals  gradually  decreases  until  at  the  far  end  it  becomes 
zero.  All  methods,  therefore,  which  assume  the  capaci- 
tance to  be  concentrated  at  one  or  more  points  are  merely 
more  or  less  close  approximations.  The  two-end-condenser 
method  usually  results  in  an  error  of  less  than  1  per  cent 
and  is  precise  enough  for  ordinary  practical  computations, 
—  especially  as  the  assumption  that  the  charging  current  was 
a  sine  wave-form  may  produce  a  much  greater  error,  often 
as  great  as  40  per  cent.    See  §  84. 

Prob.  21-6.  Compute  from  data  on  page  362  the  capacity  re- 
actance of  one  wire  to  neutral  of  the  Big  Bend  to  Oakland  line. 
In  computing  voltage  from  each  line  wire  to  neutral,  remember  that 
this  is  a  three-phase  line,  with  89,600  volts  between  line  wires  at 
one  end,  and  111,000  volts  at  the  other  end. 

Prob.  22-6.  From  "  Charging  Current "  table  in  Appendix  B, 
compute  the  capacity  reactance  to  neutral  of  140  miles  of  No.  OOO 
solid  conductor  spaced  3  feet  from  the  other  similar  line  wire,  if 
the  system  is  single-phase  60-cyclc. 
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Prob.  2a-6.  What  is  the  capacity  reactance  of  one  wire  to 
neutral  for  a  three-phase  line,  strung  with  350,000  cir.  mils  stranded 
cables,  spaced  15  feet  apart?  Length  of  line,  80  miles;  frequency, 
60  cycles.    See  Appendix  B. 

Prob.  24-6.  What  charging  current  will  flow  in  each  wire  of 
Prob.  23,  if  the  open  circuit  voltage  at  the  sending  end  is  95,000  and 
at  the  receiving  end  is  114,000?    Frequency,  60  cycles. 

Prob.  25-6.  What  would  be  the  charging  current  of  Prob.  24  if 
the  frequency  were  25  cycles? 

Prob.  26-6.  A  350-mile,  three-phase,  60,000-volt  transmission 
system,  operating  at  60  cycles,  uses  2800  reactive  kv-a.  in  charging 
the  line. 

(a)  What  is  the  charging  current? 

(6)  What  is  the  capacity  reactance  of  the  line,  one  wire  to  neutral? 

(c)  What  is  the  charging  current  per  mile  per  1,000,000  volts 
to  neutral? 

83.  Computation  of  Capacity  Reactance.  When  the 
capacitance  of  a  line-conductor  or  of  a  condenser,  and  the 
frequency  of  the  impressed  voltage  are  known,  the  capacity 
reactance  for  that  frequency  may  be  computed  by  the  fol- 
lowing method: 

In  a  circuit  containing  capacitance,  the  alternating  cur- 


Fio.  221.  One  cycle  of  the  current  sine  curve  in  a  current  containing 
capacitance  only.  Note  that  the  current  makes  the  change  between 
zero  and  the  nuudmum  value  four  times  each  cycle. 

rent  charges  or  discharges  the  condenper  four  times  each 
cycle,  as  seen  from  Fig.  221  which  represents  the  current 
curve  in  such  a  circuit  for  one  cycle: 
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(1)  Condenser  is  being  charged  by  increasing  positive 
current  being  forced  into  it  from  the  line. 

(2)  Condenser  is  discharging  by  delivering  a  decreasing 
positive  current  to  the  line. 

(3)  Condenser  is  being  recharged  by  increasing  negative 
current  being  forced  into  it  from  the  line. 

(4)  Condenser  is  discharging  by  delivering  a  decreasing 
negative  current  to  the  line. 

If  the  current  makes  f  cycles  per  second,  and  the  current 
charges  or  discharges  4  times  each  cycle,  it  must  charge 
or  discharge  4  f  times  each  second.     The  time  consumed, 

then,  for  each  charge  or  discharge  must  be  j-  second. 

The  quantity  of  electricity  Q  sent  into  or  out  of  the  con- 
ductor or  condenser  each  time  must  be  equal  to  the  average 
rate  of  flow  (Av.  /)  multiplied  by  the  time  t  during  which 
it  is  flowing. 

Thus 

Q  (ampere-seconds)  =  Av.  /  (amperes)  X  i  (seconds)  =  Av.  7  X  / 

but  t  =  -T-^' 

Therefore 

Q  =  Av./X^ 

^Av.  7 

4/   ' 

But  we  have  learned  that  the  quantity  of  electricity  sent 
into  or  out  of  a  condenser  at  each  charge  or  discharge  also 
equals  the  product  of  the  voltage  E  times  the  capacitance 
C  (in  farads). 

Then  the  maximum  value  of  Q  is  given  by  the  equation 

Qm  =  EtnC. 
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Av  / 
Therefore,  since  Q,n  is  equal  to  both  EmC  and     . '    , 

E„C  =  ^^-  ^ 


or  B„  = 


4/ 
Av.  / 


4/C 

But  Av.  /  =  0.636  7„,  because  it  is  assumed  that  I  has  a 
sine  wave-form  when  E  is  harmonic.  Therefore,  substitut- 
ing 0.636  7m  in  the  place  of  Av.  I,  we  have 

0.636  /« 


£«  = 


4/C 
I. 


m 


6.28/C 


27r/C 

This  is  usually  written  in  the  form 

or,  since  there  is  the  same  fixed  ratio  between  effective  and 
maximum  values  of  volts  and  amperes  when  they  both  vary 
harmonically, 

where 

E  =  impressed  alternating  e.m.f.,  in  effective  volts. 
I  =  charging  current,  in  effective  amperes. 

But  the  impressed  e.m.f.  must  be  equal  to  the  capacity 
reactance  times  the  charging  current,  as  we  found  in  §  81. 
Thus 

Therefore  Xe  = 


2irfC 
The  capacity  reactance  is  generally  represented  by  the 

expression  (^    .^1  just  as  the  inductive  reactance  is  gener- 
ally represented  by  the  expression  (27r/L). 
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Since  we  are  usually  more  interested  in  the  value  of  the 
charging  current,  we  more  often  use  the  equation  in  the 
form 


2x/C 
that  is,  7  =  2  irfCE. 

Example  8.  What  is  the  charging  current  of  a  line  having  a 
capacitance  to  neutral  of  3  mf.,  if  the  terminal  voltage  to  neutral 
is  44,000  volts?    Frequency,  60  cycles. 

I  =  2tSCE 
=  2  X  3.1416  X  60  X  0.000003  X  44,000 
=  49.7  amp. 

Prob,  27-6.  What  is  the  capacity  reactance  of  one  wire  to 
neutral  of  the  Une  in  the  above  example? 

Prob.  28-6.  What  will  the  capacity  reactance  of  the  line  of 
Prob.  27  become  if  the  frequency  is  reduced  to  25  cycles? 

Prob.  2^-6.  What  would  be  the  charging  current  of  line  in 
Prob.  28  at  the  voltage  of  Example  8? 

Prob.  30-6.  From  the  table  in  Appendix  B,  find  the  capacitance 
to  neutral  of  a  200-mile  line  composed  of  No.  00  stranded  copper 
cable  hung  4  feet  apart.  Compute  the  capacity  reactance  of  this 
line  from  one  wire  to  neutral  on  the  basis  of  a  60-cycle  e.m.f. 

Prob.  31-6.  What  would  be  the  charging  current  of  line  in 
Prob.  30,  at  a  voltage  to  neutral  of  52,000  volts? 

Prob.  32-6.  Electric  power  is  transmitted  from  Keokuk,  Iowa, 
to  St.  Louis,  Mo.,  143.6  miles,  at  110,000  volts,  three-phase,  25 
cycles.  The  line  consists  of  stranded  cable,  300,000  cir.  mils  area, 
strung  in  vertical  plane  and  spaced  10  feet  apart  without  transpo- 
sition, as  shown  in  Fig.  221a.    Compute: 

(a)  Capacitance  of  line,  one  wire  to  neutral. 

(6)  Capacity  reactance  of  line,  one  wire  to  neutral. 

(c)  Charging  current  to  each  line  wire. 

84.  Effect  of  Irregular  Forms  of  E.M.F.  Wave  upon 
the  Charging  Current.  Owing  to  the  difficulties  in  prop- 
erly proportioning  the  pole  tips  of  a  generator  and  in 
distributing  the  armature  windings,  the  wave-form  of  the 
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e.in.r.  produced  ia  rarely  a  true  sine  curve.  It  usually  cod- 
tains  more  or  leas  well-defined  ripples  as  explained  and 
illustrated  in  Chapter  VIII  of  the  F^t  Course.  The  great- 
est cause  of  these  ripples  is  the  fact  that  the  wave-form 


Fio.  22U.    A  section  of  the  110,000-volt  line  from  Keokuk,  Iowa,  to 
St.  Louis,  Mo.     General  Electric  Renwui. 

produced  does  not  consist  of  a  simple  wave  but  is  usu- 
ally made  up  of  several  waves.  There  is  not  only  the  e.m.f. 
wave  of  a  given  frequency  and  given  effective  value  which 
the  machine  was  designed  to  produce,  but  there  are  also 
other  waves  of  greater  frequencies  and  usually  of  much 
smaller  effective  values.  Each  of  these  waves  approximates 
a  true  sine  wave  in  form  and  the  resultant  wave-form  of 
e.m.f.  ia  merely  a  combination  of  them  all. 
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The  wave-form  which  the  machme  was  designed  to  pro- 
duce is  called  the  fundamental  or  primary  harmonic;  the 
others  are  called  the  minor  harmonics.  The  minor  harmonics 
produced  in  the  line  by  the  modern  generator  usually  consist 


'Fundameotal 


Third 


Fig.  222.    A  wave-form  produced  by  a  fundamental  sine  wave  and  a 
third  harmonic  in  phase  with  the  fundamental. 

of  very  small  waves  which  have  a  frequency  of  three,  five, 
or  seven  times  the  frequency  of  the  fundamental  wave. 
Even  higher  frequency  waves  are  sometimes  produced,  and 


Thirtl 


Fig.  223.    A  wave-form  produced  by  a  fundamental  and  a  third  har- 
monic which  have  a  different  phase  relation  than  that  of  Fig.  222. 

like  the  lower  frequencies,  their  relation  to  the  fundamental 
frequency  is  usually  an  odd  number. 

Fig.  222  shows  the  fundamental  and  a  third  harmonic 
of  much  smaller  effective  value.    Each  has  its  own  sine 
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wave-form.  Note  how  "they  combine  to  produce  a  wave 
which  has  well-defined  ripples.  The  third  harmonic  is  made 
much  larger  in  proportion  to  the  fundamental  than  would 
exist  in  a  properly  designed  machine.    But  a  third  harmonic 


Fig.  224.    The  wave-form  produced  by  the  combination  of  a  fifth  har- 
monic with  the  fundamental. 

of  a  smaller  effective  value  would  distort  the  fundamental 
in  t]ie  same  way,  only  to  a  less  degree.  Fig.  223  shows  the 
same  fundamental  and  third  harmonic  at  a  different  phase 


FandameDtal 


Resultant 


^^    Third 


Fig.  226.     The  wave-form  produced  by  the  combination  of  both  a 
third  and  a  fifth  harmonic  with  the  fundamental. 

with  each  other,  and  the  resulting  wave-form  which  they 
produce.  In  Fig.  224,  a  fifth  harmonic  combines  with  the 
fundamental  to  produce  the  resultant  shown,  and  in  Fig. 
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225,  both  a  third  and  a  fifth  of  the  same  effective  values 
combine  with  the  fundamental  to  produce  still  another  wave- 
form. Fig.  308a,  First  Course,  contains  an  oscillogram  of 
an  e.m.f .  wave,  marked  E,  which  is  the  resultant  of  a  funda- 
mental and  a  fifth  harmonic.  It  also  shows  the  oscillogram 
of  the  charging  current  which  an  e.m.f.  with  such  a  wave- 
form produces  in  transmission  lines  of  large  capacitance. 
Note  how  the  small  ripples  in  the  e.m.f .  curve  are  magnified 
in  the  current  curve  so  that  a  very  irregular  wave-form  is 
produced.  The  reason  for  this  increase  in  irregularity  in 
the  current  curve  in  a  circuit  possessing  large  capacitance 
can  be  seen  from  the  following  example. 

Example  8a.  The  e.m.f.  E,  Fig.  225,  is  the  resultant  of  a  fun* 
damental  sine  wave  of  100  volts  (effective),  a  third  harmonic  of 
10  volts  (effective),  and  a  fifth  harmonic  of  10  volts  (effective). 

What  are  the  component  parts  of  the  resultant  curve  of  current 
when  this  e.m.f.  is  impressed  upon  a  circuit  containing: 

(a)  Resistance  only,  of  5  ohms? 

(6)  Inductive  reactance  only,  5  ohms  (at  60  cycles)? 

(c)  Capacity  reactance  only,  5  ohms  (at  60  cycles)  ? 

(a)  Circuit  contaimng  resistance  only. 

Since  the  resistance  of  the  circuit  would  not  change  to  any  ap- 
preciable extent  with  the  frequency  of  the  impressed  voltage,  the 
line  would  offer  practically  the  same  resistance  to  the  currents  set 
up  by  each  component  of  the  e.m.f. 

E»  100 

Fundamental  current      =  »  =  -r-  =  20  amperes. 

ti         o 

jp  1  A 

Third-harmonic  current  =  -^  =  "T"    =2.0  amperes. 

ti       o 

P       10 

Fifth-harmonic  current  =  ^  =  --    =  2.0  amperes. 

Thus  the  minor  current  holds  the  same  relation  to  the  funda- 
mental current  that  the  minor  e.m.f. 's  hold  to  the  fundamental 
p.m.f.  The  ripples  in  the  current  curve  would,  therefore,  be  no 
more  nor  less  pronounced  than  those  in  the  e.m.f.  curve. 

(b)  Circuit  containing  inductive  reactance  only. 

The  inductive  reactance  to  the  fundamental  current  is  5  ohms. 
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Since  the  inductive  reactance  of  a  circuit  is  proportional  to  the 
frequency  (being  equal  to  2  7r/L),  the  inductive  reactance  to  the 
third-harmonic  current  will  be  3  X  5,  or  15  ohms,  because  the  fre- 
quency is  three  times  as  great;  and  the  inductive  reactance  to 
the  fifth-harmonic  current  will  be  5  X  5,  or  25  ohms. 

100 
Fundamental  current      —  -—  =  20  amperes. 

o 

Third-harmonic  current  =  rr    =  0.67  ampere. 

15 

Fifth-harmonic  current  =  —    =  0.40  ampere. 

25 

The  minor  components  of  the  current  are  much  smaller  parts  of 
the  fundamental  current  than  the  minor  components  of  the  e.m.f. 
are  of  the  fundamental  e.m.f.  Thus  in  an  inductive  circuit,  the 
current  curve  is  smoother  than  the  irregular  e.m.f.  curve  which 
produces  it. 

(c)  Circuit  containing  capacity  reactance  only. 

Since  the  capacity  reactance  of  a  circuit  is  inversely  proportional 

to  the  frequency  of  the  impressed  e.m.f.  ( being  equal  to  -        ) ,  the 

capacity  reactance  offered  to  the  third-harmonic  current  equals  \ 
or  1.67  ohms;  and  the  reactance  to  the  fifth-harmonic  ciurent 
equals  j  or  1  ohm. 

Fundamental  current      =  ^52  =  20  amperes. 

5 

Third-harmonic  current  =  ^^^  =  6  amperes. 

Fifth-harmonic  current   =  —     =10  amperes. 

The  minor-harmonic  currents  have  thus  become  much  greater 
in  proportion  to  the  fundamental  current  than  the  minor  har- 
monic e.m.f. 's  are  to  the  fundamental  e.m.f.  The  irregularities  of 
the  current  wave  in  a  circuit  containing  capacity  reactance  only 
would  thus  be  much  greater  than  the  irregularities  in  the  e.m.f. 
curve  producing  the  current.  The  following  problems  bring  out 
the  effect  of  resistance,  inductive  and  capacity  reactance  on  the 
effective  value  of  the  current  produced  by  an  e.m.f.  of  irregular 
wave-form. 
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Prob.  39-6.  An  e.m.f.  with  an  irr^ular  shaped  wave-form, 
produced  by  a  fundamental  and  a  fifth  harmonic,  is  impressed 
upon  a  circuit  containing  resistance  only,  of  4  ohms.  The  maxi- 
mum value  of  the  fundamental  harmonic  of  e.m.f.  is  100  volts; 
the  maximum  value  of  the  fifth  harmonic  is  20  volts. 

(a)  Plot  to  large  scale  one  cycle  of  the  component  and  resultant 
e.m.f.'s  with  the  fifth  harmonic  holding  the  same  phase  relation 
to  the  fundamental  as  in  Fig.  224. 

(6)  Plot  the  component  and  resultant  curves  of  current. 

(c)  Plot  the  squared  values  of  one-half  loop  of  the  resultant 
current  cm^e  and  find  the  effective  current  (root-mean-square 
value).  If  convenient,  use  a  planimeter  for  finding  area  under  the 
squared  curve. 

Prob.  34c-B.  Assume  that  the  e.m.f.  of  Prob.  33  is  impressed 
upon  a  circuit  containing  inductive  reactance  only,  of  4  ohms  at 
the  frequency  of  the  fundamental.  Complete  (6)  and  (c)  of 
Prob.  33,  and  compare  this  value  for  effective  current  with  that  of 
Prob.  33. 

Prob.  36-6.  Assume  that  the  e.m.f.  of  Prob.  33  is  impressed 
on  a  circuit  containing  capacity  reactance  only,  of  4  ohms  at  the 
frequency  of  the  fundamental.  Complete  (6)  and  (c)  of  Prob. 
33,  and  compare  this  value  of  effective  current  with  that  of 
Prob.  33. 

86.  Why  the  Voltage  is  Sometimes  Higher  at  the  Re- 
ceiving End  than  at  the  Sending  End.  In  considering  this 
question,  let  us  take  as  an  example  the  transmission  line  of 
the  Great  Falls  Power  Company,  which  transmits'  15,000 
kw.  to  a  distance  of  130  miles  from  Great  Falls  to  Butte, 
Montana,  at  a  pressure  of  100,000  volts. 

Two  three-phase  lines  are  run  on  separate  towers.  The 
conductors  of  each  line  are  No.  0  stranded  hard  copper 
cable  with  hemp  centers,  outside  diameter  0.398  inch,  and 
are  strung  in  a  horizontal  plane  and  spaced  10  feet  4  inches, 
with  no  transpositions.  The  charging  current  at  a  generator 
voltage  of  100,000  volts  and  60  cycles  was  measured  when 
the  receiving  end  was  open  and  was  found  to  be  39  amperes 
per  wire.  This  checks  closely  the  computed  value,  as  will 
be  seen  in  Prob.  36-6. 
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By  reference  to  Table  III  in  Appendix  B  and  using  "equiv- 
alent" spacing  of  13.0  feet,  we  find  that  the  inductive  react- 
ance per  mile  of  each  wire  of  this  line  must  be  0.8613  ohm, 
approximately. 

The  inductive  reactance  of  the  whole  line  equals 

Xl  =  130  X  0.8613 
=  112  ohms. 

The  resistance  of  each  wire  must  be 

i?  =  130  X  0.530 
=  68.9  ohms. 

Let  us  examine  the  conditions  in  the  line  when  it  is  open 
at  the  receiving  end  at  Butte,  and  with  enough  voltage  at 
the  Great  Falls  end  to  supply  the  charging  current  of  39 
amperes.  We  will  assume  that  the  voltage  at  Butte  is 
100,000  volts  between  conductors.  We  must  then  com- 
pute what  voltage  is  required  at  the  sending  end  to  produce 
a  charging  current  of  39  amperes  in  a  line  of  70  ohms  re- 
sistance and  112  ohms  inductive  reactance,  while  maintain- 
mg  100,000  volts  at  the  receiving  end. 

We  will  consider  but  one  wire,  and  this  with  respect  to 
neutral.  The  diagram  for  this  arrangement  is  as  in  Fig. 
226,  which  represents  one-half  of  the  total  capacity  of  the 
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Fig.  226.  Diagrammatic  representation  of  the  resistance  and  the  in- 
ductive and  capacity  reactance  of  a  single  conductor  of  the'  Great 
Fall&-Butte  line. 

line  as  a  condenser  at  the  receiving  end,  and  the  resistance 
and  inductive  reactance  of  the  conductors  lumped  and  joined 
in  series  along  the  wire  instead  of  distributed  uniformly  as 
they  are  in  the  actual  line. 
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The  voltage  between  conductors  at  the  receiving  end  at 
Butte  is  to  be  100,000  volts,  therefore  the  voltage  to  ground 
at  Butte  is  equal  to 

^  100^  ^  ^  ^^^^^ 

Draw  vector  OEsy  Fig.  227,  to  represent  this  voltage  at 
the  open  receiving  end. 

The  line  01  c,  drawn  at  right  angles  to  OEb,  will  then  rep- 

•  > 
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Fig.  227.  The  vector  diagram  of  the  voltage  relations  in  an  unloaded 
long  transmission  line.  The  voltage  Eof  at  the  sending  end  is  less 
than  the  voltage  Eb  at  the  receiving  end. 

resent  the  average  charging  current  of  19.5  amperes  which 
traverses  the  full  length  of  the  line  and  which  leads  the  volt- 
age producing  it  by  90°.  But  the  generator.has  to  maintain 
not  only  the  voltage  OEbj  but  also  the  voltage  to  overcome 
the  resistance  and  the  inductive  reactance  of  the  line. 
The  voltage  to  overcome  the  resistance  is  equal  to 

Er  =  68.9  X  19.5 
=  1344  volts. 

Since  this  voltage  must  be  in  phase  with  the  current,  we 
draw  the  vector  Er  from  the  end  of  Er  and  at  right  angles  to 
Eb  (parallel  to  the  current  vector  Ic). 
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The  voltage  to  overcome  the  inductive  reactance  must  equal 

E:,  =  112  X  19.5 
=  2184  volts. 

Since  this  voltage  must  lead  the  current  90°,  and  there- 
fore must  lead  Er  by  90°,  we  draw  Ex  90°  ahead  of  Er. 

The  vector  EoFy  joining  0  to  the  end  of  JSx,  will  then  rep- 
resent the  voltage  at  the  sending  end,  because  it  is  the 
resultant  of  the  series  combination  of  Eb  (the  voltage  at 
the  receiving  end),  Er  (the  voltage  to  overcome  resistance  of 
line)  and  Ez  (the  voltage  to  overcome  the  inductive  reactance 
of  the  line). 

The  numerical  value  of  the  voltage  at  the  generator  end 

equals  . — 

EoF  =  V(57,800  -  2184)2  +1344^ 

=  55,634  volts. 

The  voltage  between  conductors  at  the  generator  end 
must  equal      ^^32  ^  55  gg^  ^  gg  453  ^^j^ 

This  value  is  distinctly  lower  than  the  100,000  volts  which 
is  the  pressure  between  conductors  at  the  receiving  end. 

Note  that  this  decrease  in  voltage  is  due  to  the  presence 
of  both  capacity  and  inductance  in  the  circuit.  One  tends 
to  neutralize  the  other;  thus  the  voltage  (Ex)  used  to  over- 
come the  inductive  reactance  is  in  the  opposite  direction  to 
the  voltage  (Eb)  used  to  overcome  the  capacity  reactance  of 
the  line.  The  resistance  voltage  Er  does  not  affect,  to  any 
appreciable  extent,  the  value  of  the  voltage  Eqp  at  the 
generator  end  of  the  line. 

Prob.  36-6.  Compute  from  data  of  size,  spacing,  etc.,  in  text 
above,  the  capacitance  of  one  wire  to  neutral  of  the  Great  Falls- 
Butte  line.  From  this  value  of  capacitance  and  the  voltages  in 
the  above  text  compute  the  charging  current  per  wire  and  check 
against  value  taken  from  tables  in  Appendix  B. 

Prob.  37-6.  Compute  the  open-line  voltage  at  the  generator 
end  of  the  line  from  Great  Falls  to  Greenville,  S.  C,  if  the  voltage 
at  Greenville  is  100,000  volts.  Frequency  =  25  cycles.  For  re- 
maining data  see  Prob.  11-6.  Consider  that  the  two  sets  of  con- 
ductors are  so  far  apart  that  they  do  not  affect  each  other. 
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.  Prob.  88-6.  What  ia  the  voltage  between  line  conductors  at 
Ib^  generating  end  of  the  line,  in  Prob.  30,  when  the  voltage  to 
neutral  at  the  receiving  end  is  52,000  volts? 

Prob.  89-6.  How  many  kilovolt-amperes  are  used  in  charging 
the  three  wires  of  the  Great  Falls-Butte  line,  if  the  voltage  at  the 
open  receiving  end  is  100,000  between  conductors? 

86.  Regulation  of  Transmission  Line  Containing  Ca- 
pacitance. The  presence  of  capacitance  in  a  line  is  often 
advantageous  to  the  system,  especially  when  the  load  has  a 
lagging  power-factor.  To  show  this,  we  merely  have  to  note 
the  effect  of  capacitance  upon  the  regulation  of  a  given  line 
for  a  given  load  and  power-factor. 

The  fiill  load  of  the  Great  Falls-Butte  transmission  is 
15,000  kw.  at  85  per  cent  power-factor  distributed  equally 
between  the  two  lines,  or  7500  kw.  on  each. 

To  find  the  current  per  conductor: 

P=  VziEoo&e 

v3Bcosd 

7,500,000 


1.73  X  100,000  X  0.85 
=  51  amp.  per  conductor. 

At  a  power-factor  of  0.85  the  current  lags  practically  32** 
behind  the  voltage.  Draw  the  vector  ^load,  Fig.  228,  to 
represent  the  voltage  across  the  receiving  end,  32®  ahead 
of  the  vector  7ioad,  which  represents  the  current  of  51  am- 
peres taken  by  the  load.  The  charging  current  of  19.5 
amperes  is  then  represented  by  the  vector  7c,  which  is  90® 
ahead  of  the  voltage  vector  ^io«i,  and  consequently  90°  -h  32® 
or  122°  ahead  of  the  Jioad.  The  current  which  the  line  car- 
ries must  be  the  combination  of  the  load  current  and  the 
capacity  current.  This  is  represented  by  the  vector  /una 
which  is  the  resultant  of  the  vectors  /load  and  Ic 

The  value  of  /une  is  found  by  means  of  the  equation  for 
the  diagonal  of  a  parallelogram  as  given  in  Appendix  A, 
First  Course. 
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/Une  =  V/,oad*  +  l/+  2  7c/load  COS  122^ 


/lino  =  VSP  +  19.52  +  2  X  19.5  X  51  X  COS  122° 
=  43.9  amp. 

Thus  a  line  current  of  only  43.9  amperes  is  able  to  supply 
a  current  of  51  amperes  to  the  load,  because  of  the  effect 


FiQ.  228.  Current  and  voltage  relations  at  the  load  end  of  a  long 
transmission  line  carrying  an  inductive  load.  The  line  current 
Iiine  IB  less  than  the  load  current  lutad  because  of  the  capacity 
current  /c. 

which  the  leading  charging  current  has  when  it  combines 
with  a  lagging  load  current  to  produce  the  total  line  current. 

The  angle  <t>  by  which  this  line  current  /une  leads  the 
load  current  /load  can  be  found  as  follows: 

Drop  a  perpendicular  from  end  of  vector  7c. 

IcP  =  19.5  sin  58° 
=  16.5. 

A  perpendicular  dropped  from  the  end  of  vector  7une  will 

have  the  same  length,  16.5. 

Thus 

.    ^      16.5 

«^'^*  =  43:9 

=  0.376 

0.376  =  sin  22°. 

<t>  =  22°  approx. 
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The  angle  0  which  is  the  phase  difference  between  the  volt- 
age of  the  load  £ioad  and  the  line  current  /une  can  then  be 

found: 

^  =  32°  -  22° 

=  10°. 

To  find  the  voltage  regulation  of  the  line  with  this  load 

and  power-factor,  construct  Fig.  229,  repeating  Fig.  228  as  a 


Fig.  229.    Vector  diagram  for  finding  the  voltage  E  at  the  sending 
end  of  a  long  transmission  line  which  is  carr3ring  an  inductive  load. 

basis  in  order  to  get  the  proper  phase  relations.  Draw 
vector  JEioad  at  an  angle  of  32°  leading  the  vector  7ioad,  and  10^ 
ahead  of  line  current  /un©. 

The  voltage  necessary  to  send  the  line  current  of  43.9 
amperes  against  a  resistance  of  70  ohms  per  wire  equals 

Er  =  70  X  43.9 
=  3025  volts. 

This  voltage  is  in  phase  with  the  line  current  and  is  repre- 
sented by  the  vector  Er  drawn  lagging  10°  behind  the  load 
voltage  vector  -Bioad- 

The  voltage  necessary  to  send  the  line  current  of  43.9 
amperes  against  the  reactance  of  112  ohms  per  line  wire  equals 

B,  =  112  X  43.9 
=  4917  volts. 
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This  voltage  must  be  90^  ahead  of  the  current  and  thus 
the  vector  Eg  representing  it  is  drawn  90®  ahead  of  vector  Er. 
The  vector  E,  joining  0  and  the  end  of  the  vector  S„  must 
represent  the  voltage  which  is  necessary  to  overcome  these 
three  components,  and  thus  represents  the  voltage  at  the 
Great  Falls  end  of  the  line. 

To  find  the  value  of  E,  the  voltage  at  the  sending  end,  ex- 
tend the  line  Eioad  until  it  meets  £«  at  A .  The  angle  at  A 
equals  90*^  +  10°  =  100°. 

The  amount  cut  from  E^,  =  3025  tan  10.0°  =  533. 
The  line  A^x  =  4917  -  533 

=  4384. 

The  extension  of      ^load  =  ^^  ^q  qo 

=  3072. 
The  line  OA  =  57,800  +  3072 

=  60,870. 

The  triangle  OAE^  can  be  solved  as  follows: 

E  =  VOA^  +  AE^^  -  20ilX  A^xcos  100° 

=  V60,870*  +  4384«  -  2  X  60,870  X  4384  X  cos  100° 
=  61,780  volts. 

The  voltage  to  neutral  at  the  generator  end  at  full  load 
then  equals  61,780  volts. 

We  have  computed  that  55,630  volts  at  the  generator  end 
at  no-load  produces  a  receiving-end  voltage  of  57,800  volts. 
A  voltage  of  61,780  at  the  generator  end  would  therefore 

produce  approximately  --^^^^  X  57,800  or  64,200  volts  at 

the  receiving  end  when  the  line  was  open. 

The  voltage  regulation  at  85  per  cent  power-factor  will 

^,       .      ,    64,200  -  57,800     , ,  ^  ^     ^jr  ^u     u 

therefore  be  — - — ,,  or^n  —  =  11.0  per  cent.    We  thus  have 

07,oUU 

a  line  the  receiving  end  of  which  has  a  voltage  between 
conductors  of  100,000  at  full  load,  but  of  111,000  volts  at 
no-load.    (Data,  pages  2002-3-4  of  Proc.  A.I.E.E.,  1911.) 
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In  the  above  examples,  the  results  are  only  approxima- 
tions, due  to  the  fact  that  the  impressed  voltages  do  not 
have  a  pure  sine  wave-form.  As  explained  in  a  previous 
article  and  in  Chap.  VIII,  of  "First  Course,"  ripples,  or  har- 
monics, occur  (to  a  slight  extent,  to  be  sure)  in  the  wave- 
form of  all  commercial  generators.  These  ripples  are  greatly 
magnified  by  the  line  capacity  and  tend  to  make  the  charging 
current,  and  the  voltage  values  depending  upon  it,  somewhat 
larger  than  the  usual  computed  values.  The  above  method, 
however,  gives  values  which  diflfer  so  little  from  tested 
values,  that  it  can  be  used  with  confidence  in  all  commercial 
computations. 

Prob.  40-6.  Compute  the  voltage  regulation  of  the  Great  Falls- 
Butte  line  at  unity  power-factor.    Load,  7500  kw.  at  100,000  volts. 

Prob.  41-6.  (a)  Compute  the  voltage  regulation  of  the  Great 
Falls-Butte  line  at  90  per  cent  leading  pwwer-factor.  Load,  7500 
kw.  at  100,000  volts. 

(6)  What  effect  does  the  capacity  of  the  line  have  upon  the 
regulation  when  the  power-factor  is  (1)  Lagging?  (2)  Unity? 
(3)  Leading? 

Prob.  42-6.  The  three-phase  transmission  line  from  Shoshone 
to  Denver,  Colorado,  is  153.5  miles  long.  The  conductors  are 
arranged  in  a  horizontal  plane,  124  inches  apart  with  no  transposi- 
tions, and  consist  of  No.  0  six-strand  hemp-center  copper  cables. 
When  100,000  volts  at  60  cycles  are  impressed  on  the  Shoshone 
end,  what  current  will  flow  per  wire  if  the  Denver  end  is  open? 

Prob.  43-6.  What  will  be  the  voltage  at  the  Denver  end  of 
the  line  in  Prob.  42? 

Prob.  44-6.  What  voltage  at  the  generator  end  is  necessary 
to  deliver  5000  kw.  at  100,000  volts  at  0.80  power-factor  at  the 
Denver  end  of  line  in  Prob.  42? 

Prob.  45-6.  What  is  the  voltage  regulation  of  the  line  under 
the  conditions  of  Prob.  44? 

Prob.  46-6.  What  would  be  the  voltage  r^ulation  of  the  lino 
in  Prob.  44  if  the  load  of  5000  kw.  had  unity  power-factor? 

87.  Capacitance  of  Underground  Cables.  The  capaci- 
tance of  underground  cables  is  very  high  in  comparison  with 
that  of  overhead  cables  because  the  cables  are  laid  with 
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very  little  space  between  them.  The  insulation  material, 
rubber  or  impregnated  paper,  also  makes  the  capacitance 
from  two  to  four  times  higher  on  account  of  a  certain  dielectric 
power  which  it  possesses  to  a  much  greater  degree  than  air. 
All  of  these  conditions  combine  to  produce  a  condenser  of 
large  capacitance.  Even  two-  and  three-tenths  of  a  micro- 
farad per  mile  are  not  uncommon  values.  This,  together  with 
the  fact  that  the  breakdown  strength  of  the  insulation  limits 
the  voltage,  renders  it  impracticable  to  transmit  power  by 
alternating  current  any  great  distance  underground  or  by  sub- 
marine cables.  In  most  large  cities  cables  are  laid  in  under- 
ground ducts  up  to  distances  of  10  miles  and  at  voltages 
between  11,000  and  23,000  volts.  Of  course  this  disadvan- 
tage does  not  exist  in  the  transmission  of  direct-current  power. 

Data  for  the  following  problems  were  furnished  by  the  Standard 
Underground  Cable  Co. 

Prob.  47-6.  In  a  certain  three-conductor  three-phase  cable,  each 
conductor  is  No.  00  B.  &  S.  and  is  covered  with  paper  insulation 
^7  inch  thick  over  each  conductor,  and  over  the  three  insulated  con- 
ductors is  placed  a  paper  belt  /y  inch  thick.  Compute  the  capaci- 
tance of  one  conductor  to  neutral  for  one  mile  of  this  cable.  The 
dielectric  power  of  the  paper  causes  the  capacitance  to  be  3.7  times 
as  high  as  it  would  be  if  the  space  between  the  cables  were  air. 

Prob.  48-6.  What  would  be  the  charging  current  per  conduc- 
tor of  a  line  consisting  of  10  miles  of  the  cable  of  Problem  47-6,  if 
the  voltage  was  23,000  between  conductors?     Frequency,  60  cycles. 

Prob.  49-6.  Compute  the  reactance  to  neutral  of  one  conductor 
of  the  cable  in  Prob.  48-6.     See  page  233,  First  Course. 

Prob.  60-6.  The  cable  in  Prob.  48-6  has,  under  certain  (aver- 
age) conditions,  a  safe  carrying  capacity  of  7500  kv-a.  What  is 
the  voltage  regulation  of  the  line  when  carrying  its  maximum  safe 
load  at  90  per  cent  power-factor  and  22,000  volts? 

88.  Current  Surges  and  Oscillations  in  Long  Lines.  A 
long  line  is  subjected  to  current  surges  from  two  causes, 
—  (o)  lightning  discharges  in  the  vicinity  of  the  line;  (6) 
the  necessary''  switching  operations.  The  more  serious  of 
these  are  likely  to  be  the  lightning  disturbances.    A  cloud, 
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generally  charged  positively  as  in  Fig.  230,  comes  near 
a  portion  of  the  line,  and  attracts  a  large  n^ative  charge 
to  this  part  of  the  conductor.  When  the  cloud  is  dis- 
charged by  a  lightning-flash  either  to  earth  or  to  another 
cloud,  this  large  negative  charge  on  the  wire  is  suddenly 


Gooductor 

Fig.  230.    The  positive  charge  on  the  cloud  draws  a  negative  cfaaige 
to  that  part  of  the  conductor  nearest  the  cloud. 

released  and  rushes  along  the  wire,  just  as  a  flood  of  water 
rushes  along  a  narrow  valley  when  the  retaining  wall  of  a 
reservoir  at  its  head  suddenly  gives  way. 

If  the  wave-front  of  this  surge  or  electric  flood  hits  the 
windings  of  a  transformer  or  generator,  these  windings  act 
as  a  wall  acts  to  the  sudden  rush  of  water.  The  inductance 
of  the  windings  opposes  any  sudden  passage  of  electric 
charge  or  growth  of  the  current  through  them,  and  the 
electric  charge  "piles  up"  against  the  transformer.  This 
induces  such  an  excessive  pressure  between  the  windings 
that  a  charge  may  be  forced  through  the  insulation,  and  an 
arc  started.  While  the  normal  voltage  between  the  turns 
is  never  enough  to  start  an  arc,  once  the  insulation  has  been 
broken  down  and  an  arc  has  been  started  by  a  momentary 
higher  voltage,  the  line  voltage  is  usually  sufficient  to  main- 
tain the  arc  long  enough  to  severely  damage  the  machine. 

In  addition  to  the  damage  done  to  the  generator  or  trans- 
former, this  arc  also  sets  up  very  disturbing  oscillations  in 
the  line,  which  may  damage  other  machines  connected  to  it. 

Similar  surges  and  oscillations  may  be  set  up  in  switching 
the  current  on  and  off  the  line.  The  lai^r  the  current 
switched  on  or  off,  the  greater  the  disturbance. 
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As  a  general  rule,  in  switching  on  the  current  it  b  best  to 
connect  the  step-down  transformers  to  the  receiving  end 
before  connecting  the  step-up  transformers  to  the  generator. 


Fia.  231.  Hour  glass  choke  coils  for  110,000-yolt  lines.  These  coils 
choke  back  the  steep-front  and  high-frequency  waves  due  to  lightning 
dischai^es  in  the  vicinity  of  the  line.     The  Generol  EUclric  Co. 

89.  Lightning  Protection.  In  order  to  keep  the  ma- 
chines from  being  damaged  by  line  surges,  choke  coils  arc 
connected  between  the  lines  and  the  various  machines.  Fig, 
231  is  an  illustration  of  a  common  form  of  a  choke  coil. 
This  allows  the  regular  current  waves  to  pass  with  very 
little  impedance  but  chokes  back  the  surges  and  waves  of 
high  frequency  because  the  impedance  of  the  coil  is  practi- 
cally all  due  to  its  reactance,  which  b  directly  proportional 
to  the  frequency  of  the  current  waves.  The  surges  dash  up 
against  these  choke  coils  just  as  the  waves  dash  gainst  a 
breakwater,  and,  of  course,  the  pressure  to  ground  is  raised 
to  a  high  value  at  this  point.  In  order  that  this  high  pres- 
sure may  not  send  the  suites  rebounding  back  along  the  line, 
an  arrangement  for  conducting  the  charge  to  ground  is 
tapped  on  the  line  at  this  point.  This  consists  of  a  horn  gap, 
shown  in  Fig.  232.     One  side  of  the  horn  is  connected  to 


408  ALTERNATING-CURRENT  ELECTRICITY 


the  ground  and  the  other  side  to  one  of  the  conductors. 
The  ordinary  line  voltage  is  not  enough  to  cause  an  arc 


Fig.  232.  Horn  gap  for  110,000-volt  aluminum  lightning  arrcetrr. 
One  horn  is  connprtcd  to  the  line  anJ  the  other  to  the  grounti,  genpr- 
ally  through  an  aluminum  cell.     The  General  ElectTic  Co. 


across  the  gap,  but  a  dangerously  high  voltage  breaks  down 
the  air  insulation  at  the  smallest  space  and  forms  an  arc.  The 
heated  fiir  around  the  arc,  and  the  magnetic  effect  of  the 
arc  cause  the  arc  to  travel  up  the  giip.     The  horns  are  so 
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constructed  that  the  distance  between  them  gradually  in- 
creases toward  the  top.     Thus  n«  the  arc  travels  up,   it 
soon  reaches  a  place  where  the  distance  is  too  great  for  the 
voltage  to  maintain  the  arc,  and  it  is  thus  extinguiahed. 
The  excess  charge  on  the  conduc- 
tor is  thus  harmlessly  conducted 
to  the  ground  instead  of  being 
sent  back  over  the  line. 

Fig.  233  shows  the  construc- 
tion of  an  aluminum  cell  lightning 
arrester  which  is  often  connected 
in  series  with  the  grounded  end 
of  the  horn  gap.  It  consists  of 
a  number  of  aluminum  plates 
immersed  in  an  electrolyte,  A 
coating  of  aluminum  hydroxide  is 
formed  over  the  plates,  which  re- 
quires from  320  to  340  volts  per 
pair  to  break  down  and  set  up  a 
current.  By  placing  the  proper 
number  of  these  plates  in  series, 
and  setting  the  horn  gap  ^ 
close  to  the  point  of  arcing  at  the 
usual  line  voltage,  the  line  can  be 
relieved  continually  of  any  excess 

charge  which  may  be  concentrated  at  that  point  by  the 
<rhoke  coil.  The  aluminum  arrester  also  has  the  advantage 
of  not  allowing  any  current  to  flow  in  the  reverse  direction 
through  it.  It  therefore  checks  all  oscillations  across  the  horn 
gap.  It  has  the  disadvantage  of  deteriorating  if  a  charge  is 
not  sent  through  it  every  day  or  two.  This  necessitates  a 
daily  closing  of  the  horn  gap  enough  to  allow  a  charge  to  pass 
through.  It  will  not  do  to  leave  cells  connected  directly  to 
the  line  without  a  small  gap  in  series,  as  they  allow  too  much 
current  to  leak  through  them. 


Fig.  233.  Cross  section  of  an 
aluminum  l^htning  airesti^r. 
The  General  Ekctrie  Co. 
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90.  Corona  Loss.  When  the  voltage  between  two  con- 
ductors has  been  raised  somewhat  above  a  certain  value 
called  the  "critical  disruptive  voltage,"  the  conductors  begin 
to  glow  and  a  sort  of  halo  surrounds  the  wire.  The  name 
of  corona  has  been  given  to  this  glowing  of  the  conductor. 
There  is  a  certain  amount  of  power  dissipated  into  the  air 
as  soon  as  the  critical  voltage  is  reached,  even  before  any 
glow  is  apparent.  The  name  of  corona  loss  is  applied  to  all 
the  power  lost  in  this  way. 

The  "disruptive  critical  voltage"  may  be  found  by  means 
of  the  following  formula:  * 

Eq  =  105,000  r  log  10^' 

in  which  Eq  =  critical  voltage  to  neutral,  effective  value. 

r  =  radius  of  conductor,  in  inches. 
8  =  spacing  between  centers  of  conductors, 
in  inches. 

Note  that  this  critical  voltage  depends  upon  the  radius 
of  the  conductors  and  upon  the  distance  between  them. 
Other  things  being  equal,  corona  loss  will  begin  at  lower 
voltage  when  the  diameter  of  the  wires  or  the  distance  be- 
tween them  is  reduced. 

The  above  formula  applies  to  the  stranded  conductors  only 
and  to  them  under  ordinary  fair-weather  conditions  onl3^ 

For  a  round  smooth  wire  the  critical  voltage  is  somewhat 
higher,  while  fog,  sleet  and  snow  lower  it  to  a  marked  ex- 
tent. The  current  which  this  voltage  forces  into  the  sur- 
rounding air  is  in  phase  with  the  voltage. 

The  corona  loss  under  the  above  conditions  can  be  found 
from  the  following  approximate  formula: 


Y-{E-E, 


hMf^-^{E-E,Y 

*  This  and  the  following  formula  for  corona  loss  are  adapted  from 
formulsB  given  by  Mr.  F.  W.  Peek,  Jr.,  in  Proc.  A.I.E.E.,  1912. 
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in  which  Pm  =  loss  per  mile  per  conductor,  in  watts. 

/  =  frequency,  in  cycles  per  second. 
E  =  voltage  of  line  to  neutral. 
^0  =  "critical  disruptive"  voltage  to  neutral. 

Note  that  the  corona  loss  is  proportional: 

(a)  Directly  to  frequency  (for  commercial  ranges). 

(6)  Directly  to  the  square  of  the  excess  of  voltage  to  neu- 
tral above  critical  value. 

(c)  Directly  to  the  square  root  of  the  radius  of  the  con- 
ductor, and  inversely  to  the  square  root  of  the  spacing  of 
the  conductors. 

Example  9.  What  is  the  fair-weather  corona  loss  on  a  150- 
mile  three-phase  line,  operating  at  100,000  volts,  60  cycles?  The 
cables  are  No.  0  stranded  copper  and  are  spaced  9  feet  2  inches 
apart  in  the  form  of  an  equilateral  triangle.  (Outside  diameter 
of  No.  0  bare  cable  is  0.373  ins.) 

The  critical  voltage  is      J&o  =  105,000  r  log  - 

r 

110" 
=  105,000  X  0.187  log 


0.187" 
=  54,400  volts. 

The  corona  loss  per  cable  per  mile  is 


W"- 


Pm  -  5.54/V  -  (E  -  £o)« 

o 

IF 


/o  187 
5.54  X  60  y  -JY^  (57,800  -  54,400)» 

*  10^ 

=  160  watts. 

For  a  150-mile  three-wire  line  the  loss  equals 

P  =  3  X  150  X  160 
=  72,000  watts 
=  72  kw.* 

Prob.  61-6.    Compute  the  corona  loss  in  the  line  of  Example  9 
at  a  frequency  of  25  cycles. 

*  This  assumes  no  voltage  drop  along  the  line.    Usually  the  drop  is 
BO  great  that  only  part  of  a  line  at  any  one  time  suffers  a  corona  loss. 
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Prob.  62-6.     (a)  What  would  be  the  loss  in  the  line  of  Example 
9  if  the  pressure  between  conductors  were  raised  to  110,000  volts? 
(6)  Compare  ratio  of  loss  with  ratio  of  voltages. 

Prob.  68-6.  Show  that  for  pressures  of  44,000  volts  and  under, 
the  corona  losses  are  negligible  on  a  line  of  standard  spacing  and 
conmiercial  frequencies. 

Prob.  64-6.  What  would  be  the  corona  loss  in  Example  9  if 
for  the  copper  line  conductors  were  substituted  aluminum  con- 
ductors of  equivalent  conductivity? 

91.  Efficiency  of  Transmission  Lines.  By  efficiency  of 
transmissioD  lines  is  meant  the  efficiency  of  the  conductors 
only.  The  transformers  or  other  apparatus  are  not  to  be 
included  as  part  of  the  line.  This  efficiency  must  be  meas- 
ured under  standard  conditions,  with  a  non-inductive  load 
at  the  receiving  end,  with  voltage  of  rated  value  and  rated 
frequency  and  of  sine  wave-form.  Since  a  line  rarely  oper- 
ates under  standard  conditions,  it  is  often  desirable  to  iiiid 
the  efficiency  under  given  conditions.  But  if  no  conditions 
are  specified  as  to  power-factor,  sine  wave-form,  etc.,  stand- 
ard conditions  are  understood  to  be  meant.  In  comput- 
ing the  efficiency  of  the  line,  therefore,  we  have  merely 
to  divide  the  kilowatts  delivered  by  the  line  wires  to  the 
apparatus  at  the  receiving  end  by  the  kilowatts  received 
by  the  line  wires  at  the  generator  end  under  standard 
conditions. 

The  values  are  most  easily  arrived  at  by  the  following 
means: 

Power 
received  bj 
line  wires 

Power 

lost  in  line     =    in  line        + 

wires 


must  equal 


Power 
delivered  by 
line  wires 


+ 


Power  lost  in 
line  wires. 


PR\os& 
in  line 
wires 


Corona  loss 
in  line  wires 


+ 


Leakage  loss 
in  line  wires. 


In  a  well-constructed  power  transmission  line  the  "leak- 
age loss"  is  negligible,  on  account  of  the  relatively  small 
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number  of  points  of  support  where  leakage  may  occur, 
therefore: 

EflSciency  of  line  equals 

Power  delivered  (by  line  wires) 

(Power  delivered)  +  {PR  loss)  +  (Corona  loss) 

Example  10.  The  following  data  for  a  typical  three-phase 
transmission  line  are  adapted  from  the  Electric  Joiimaly  1913, 
page  839. 

Length  of  line 200  miles. 

Frequency 60  cycles. 

Load  deUvered  to  step-down  transformers 
at  load  end  of  line 11,250  kw. 

Power-factor  lagging,  at  high-tension  ter- 
minals of  step-down  transformers 85  per  cent. 

Voltage  between  conductors  at  receiving 

end  of  line 108,000  volts. 

Conductors,  copper  cables 250,000  cir.  mils. 

Mean  spacing  of  conductors 12.6  feet. 

Resistance  of  transformers  and  protective 
coils  at  each  end  referred  to  high-tension 
side 4.1  ohms. 

Reactance  of  transformers  and  protective 
coils  at  each  end  referred  to  high-tension 
side 64.5  ohms. 

Find  the  efficiency  of  the  line  under  these  conditions.  Note 
that  the  conditions  are  not  quite  standard,  in  that  the  power- 
factor  is  less  than  unity. 

Volte  to  neutral  =    Vl!^  =  62,400  volte. 

The  resistance  of  each  conductor  of  the  line,  from  table,  equals 

200  X  0.2165  =  43.3  ohms. 

The  reactance  of  each  line  conductor  equals 

200  X  0.804  =  161  ohms. 

From  Table  7,  Appendix  B,  we  find  that  the  charging  current 
of  each  conductor  equals 

62  400 
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Power  taken  by  each  step-down  transformer  equals 

^  =  3750  kw. 

Current  taken  by  each  transformer  equals 

3,750,000 


/  = 


=  70.6  amp. 


0.85  X  62,400 
Fig.  234  shows  the  high-tension  side  of  the  transformers  at  each 


Oenerator 
End 


Recel^lQff 
Eod 


B 


61.5  ohms 


R-48.8    x«  190  ohms  

VWWVj4flfififl> Tf^C^^^ 

R-48.5ohm».^„  S  sOl 


X-IW 

R-4a.s 

Fig.  234.  Diagram  of  a  transmission  line  showing  the  values  and 
relative  arrangement  of  the  resistance  and  reactance  of  line  and 
transformers. 

end  of  the  line.    The  resistance  and  reactance  of  the  transformers 
referred  to  the  high-tension  side  are  represented,  and  also  the 


Fig.  235.    The  hno  current  //,»«  is  the  resultant  of  the  load  ciurrent 

I  load  and  the  charging  current  /«. 

resistance  and  inductive  reactance  of  each  line  wire  are  repre- 
sented.   Lret  us  consider  line  wire  AB  only. 
The  current  in  AB  is  a  combination  of  the  charging  current, 

67.5 

—^or  33.8  amperes,  and  the  transformer  current  of  70.6  amperes, 

and  may  be  found  by  constructing  the  vector  diagram  of  Fig.  235. 
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/line  =  >/70.6»  +  33.8«  +  2  X  70.6  X  33.8  cos  122* 
=  60.0  amp. 

The  PR  loss  in  one  line  wire  equals 

60.0*  X  43.3  =  156  kw. 

The  PR  loss  in  the  three  oonductors  equals 

3  X  156  =  468  kw. 

The  disruptive  critical  voltage  equals 

Eo=  105,000  r  log- 

r 


151 
=  105,000  X  0,288  log 


0.288 
=  82,300  volts. 

108  000 
Since  the  voltage  to  neutral  la  only ^-=—  or  62,400  volts,  it  is 

less  than  the  critical  disruptive  voltage,  and  there  would  be  no 
corona  loss  in  fair  weather. 

The  corona  loss  =  0. 

Total  loss  in  line  wires  therefore  equals  the  PR  loss 

=  468  kw. 

Total  input  into  line  is  equal  to: 

Load  delivered  to  step-down  transformers  =  11,250  kw. 
/*/2  loss  in  Une  =      468  kw. 

Total  input  into  line  =  11,718  kw. 

11  250 
Efficiency  of  transmission  line  =  ^/^,^  =  96.0  per  cent. 

11,718  ^ 

Note  that  this  is  the  line  efficiency  under  the  special  condition  of 
a  load  with  a  lagging  power-factor  of  85  per  cent. 

Prob.  66-6.  Find  the  efficiency  of  the  Une  in  Example  10,  if 
the  voltage  at  the  receiving  end  were  raised  to  150,000  volts. 
Amount  of  power  delivered,  power-factor,  and  all  other  conditions 
the  same  as  in  the  example. 

92.  Over-all  Efficiency  of  Transmission.  It  is  often 
necessary  to  compute  the  efficiency  of  transmission  from  the 
generator  terminals  to  the  load  terminals,  and  to  determine 
the  power-factor  of  the  generator.    In  this  case  it  is  neces- 
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sary  to  count  the  losses  in  the  transformers,  feeder  regulators, 
current  luniting  reactances  and  choke  coils  as  well  as  the  line 
losses.  The  simplest  way  to  arrive  at  the  total  amount  of 
power  delivered  by  the  generator  is  to  combine  all  the  power 
quantities  taken  by  the  several  parts  of  the  system. 

First.  Resolve  the  power  taken  in  each  part  of  the  sys- 
tem into  two  components  at  90°  to  each  other,  namely:  the 
Elective  Power,  and  the  Reactive  Power. 

Second.  Add  all  the  effective  power  quantities  together 
to  obtain  the  total  effective  power,  and  all  the  reactive  power 
quantities  to  obtain  the  total  reactive  power. 

Third.  Total  apparent  power  delivered  by  the  generator 
equals  the  square  root  of  the  sum  of  the  squares  of  the  total 
effective  and  the  total  reactive  power. 

Fourth.    The  power-factor  of  the  generator  equals  the 


Effective  Power-*  3750  kv. 


£ 


Fig.  236.    The  apparent  power  4410  kv-a.  is  the  resultant  of  the  induc- 
tive reactive  power  2326  kv-a.  and  the  effective  power  3750  kw. 

ratio  of  the  effective  power  to  the  apparent  power,  delivered 
by  the  generator. 

• 

Example  11.  Find  the  over-all  efficiency  of  transmiaBion  in 
Example  10. 

First.    The  power  delivered  to  each  step-down  transformer 

equals  3750  kw.  at  85  per  cent  power-factor.    By  constructing  Fig. 

3750 
236,  we  see  that  this  produces  an  apparent  power  of  r-rr- »  4410 

U.oO 
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kv-a.,  of  which  V4410*  -  3750>  (or  4410  sin  32'')  equal  to  2326 
kv-a.  is  inductive  reactive  power. 

The  effective  power  consumed  by  each  line  wire  equals  60.0*  X 
43.3  =  156  kw. 

Construct  Fig.  237,  adding  the  195  kw.  in  phase  with  the  effective 
power  of  3750  kw.  delivered  to  one  of  the  step-down  transformers 
by  the  line  wire  connected  to  it.    The  effective  power  consumed 


M^  kw. 


i 


g 

pr 


x 


i 


Fig.  237.  Total  apparent  power  OT  delivered  to  the  step-up  trans- 
formers is  the  resultant  of  the  total  reactive  and  the  total  effective 
power  delivered. 

by  each  step-up  transformer  with  accompanying  choke  coils  and 
current-limiting  reactance  coils  is  composed  of  the  PR  loss  and  the 
core  losses.  The  core  losses  in  a  well-designed  transformer  of  this 
size  average  about  80  per  cent  of  the  PR  loss.  Total  effective 
power  loss  of  one  step-up  transformer  equals 

1.80  X  (60.0»  X  4.1)  =  26.6  kw. 
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Add  thiB  in  Fig.  237  to  the  lines  representing  the  previously  deter- 
mined effective  power. 

The  inductive  reactive  power  taken  by  one  line  conductor  and 
one  step-up  transformer  equals 

(64.5  +  161)  60.0*  =  810  kv-a. 

Draw,  in  Fig.  237,  the  line  RX  at  ri^t  angles  (lagging)  to  the  line 
ORf  to  scale  representing  this  810  kv-a.  inductive  reactive  power. 
Add  to  this  line  the  line  XV  representing  the  inductive  reactive 
power  dehvered  to  each  step-down  transformer,  namely  2326  kv-a. 
By  means  of  a  diagram  similar  to  Fig.  229,  the  equivalent  voltage 
to  neutral  at  the  sending  end  is  found  to  equal  approximately 
66,600  volts. 
The  capacity  reactive  power  in  each  phase  equals  approximately 

67.5  X  66,600  =  4496  kv-a. 

Draw  the  vector  VT  in  the  opposite  direction  to  the  inductive- 
reactive-power  vectors.  This  completes  the  effective  and  reactive 
power  which  must  be  supplied  to  each  step-up  transformer  by  the 
generator.  The  resultant  vector  OT  will  thus  represent  the  power 
supplied  by  the  generator. 


0T=  VjBTMrO^^ 

OT  =  V(3750  +  156  +  26.6)^  +  (4496  -  810  -  2326)* 
=  4160  kv-a. 

T,         t    ^       .         •         ^  .      'J    OR      3750  + 156  +  26.6 
Power-factor  of  generator  =  cos  <^  =  ^  =  — : — — — 

=  94.6  per  cent  leading. 

Total  power  delivered  to  the  three  step-up  transformers 

4160  X  3  =  12,480  kv-a.,  representing 

3  X  (3750  +  156  -h  26.6)  =  11,800  kw.  at  94.6%  power-factor. 

We  have  only  to  find  the  power  delivered  by  the  step-down  trans- 
former to  the  load  in  order  to  determine  the  over-aU  efficiency  of 
transmission. 
Effective  power  consumed  by  each  step-down  transformer: 

PR  loss  =  70.6*  X  4.1  =  20.42  kw. 
PR  +  core  loss  =  1.8  X  20.4  =  36.8  kw. 

Inductive  reactive  power  taken  by  each  step-down  transformer: 

70.6*  X  64.5  =  321  kv-a. 
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Referring  to  Fig.  236,  which  represents  the  total  power  delivered 
to  the  step-down  transformer,  we  see  that  the  effective  power  de- 
livered to  each  phase  of  the  load  equals 

3750  -  37  =  3713  kw. 

The  inductive  reactive  power  delivered  to  each  phase  of  the  load 
equals 

2326  -  321  =  2005  kv-a. 

Prom  Fig.  238,  constructed  from  these  values,  we  find  total 


Fig.  238.  The  total  effective  power  delivered  by  the  step-down  trana- 
f ormeiB  to  the  load  is  represented  by  the  vector  OR.  Reactive  power 
delivered  equals  RX.    Effective  power  equals  OX, 

apparent  power  delivered  to  load  by  each  step-down  transformer 
equab 


V37132  +  20052  =  4218  ky-a. 


Power-factor  of  load  =  cos  e  = 


3713 
4218 


=  88.0  per  cent. 


Total  effective  power  delivered  to  load  equals 

3713  X  3  =  11,139  kw. 

11  139 
Over-all  efficiency  of  transmission  =    ^       =  94.4  per  cent. 

Il,o00 

Prob.  56-6.  Find  the  over-aU  efficiency  of  transmission  of  Ex- 
ample 11  under  standard  conditions  when  delivering  the  same 
power  to  the  load  transformers. 

Prob.  57-6.  What  would  be  the  over-all  efficiency  of  trans- 
mission in  Example  11  if  the  voltage  were  raised  to  150,000  volts, 
all  other  conditions  remaining  as  in  Example  11?  Assume  that 
the  transformer  and  reactance  coils  are  rewound  so  that  they  have 
the  same  losses  as  before,  when  transforming  the  same  kilovolt- 
amperes. 


SUMMARY  OF  CHAPTER  VI 

LONG  TRANSMISSION  LINES,  in  addition  to  resistance 
and  inductive  reactance,  have  a  capacity  reactance. 

CAPACITANCE  is  a  sort  of  electric  elasticity,  and  a  line 
possessing  it  may  be  likened  to  an  elastic  pipe-line. 

THE  AMOUNT  OF  CAPACITANCE,  OR  ELASTICITY,  that 
a  line  possesses,  is  measured  in  the  number  of  ampere-seconds 
of  electiidty  which  one  volt  can  force  on  the  line.  If  one  volt 
could  force  one  ampere-second  on  the  line,  the  capacitance  of 
the  line  would  be  one  Farad. 

The  equation  for  the  electric  charge  upon  a  condenser  is 
therefore 

Q  =  EC, 
where      Q  —  quantity  of  electricity,  in  AMPERE-SECONDS. 
E  =  steady  pressure  across  line,  in  VOLTS. 
C  =  capacitance  of  line,  in  FARADS. 

A  MICROFARAD  is  the  common  unit  of  capacitance,  and 
equals  one-millionth  of  a  farad. 

A  CONDENSER  consists  of  two  conductors  separated  by 
an  insulating  material  called  the  DIELECTRIC.  The  larger  the 
plate  area  and  the  thinner  the  dielectric,  the  larger  the  capac- 
ity of  the  condenser.  The  unUke  charges  of  electricity  upon 
the  plates  attract  and  bind  each  other. 

A  TRANSMISSION  LINE  forms  a  condenser,  one  wire  con- 
stituting one  conductor,  the  ground  or  another  wire  the  other 
conductor,  the  air  between  being  the  dielectric. 

THE  CAPACITANCE  of  one  wire  to  neutral  is 

„         0.0888 

in  which    C^,  =  the  capacitance  per  mile  of  wire,  in  MICRO- 
FARADS. 
8  =  distance  between  centers  of  wires. 
r  =  radius  of  wire. 

8  and  r  must  be  expressed  in  terms  of  the  same  uhits. 

THE  CAPACITANCE  between  two  wires  is  one-half  of  that 

of  one  wire  to  ground,  because  the  two-wire  condenser  is  a 

420 
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series  combiDAtioii  of  two  condensers  each  formed  by  one  wire 
and  t3ie  ground.  This  assumes  a  symmetrical  arrangement  of 
wiiesy  as  is  usuaL 

THE  CAPACITANCE  OF  CONDENSERS  IN  PARALLEL 
equals  the  sum  of  their  separate  cafMicitances. 

THE  CAPACITANCE  OF  CONDENSERS  IN  SERIES  equals 
the  rec^vocal  of  the  sum  of  the  redinrocals  of  their  separate 
rapfiritnncnSi 

AN  ALTERNATING  E.M.F.  ACROSS  A  CONDENSER 
causes  an  attemating  current,  called  the  charging  current,  to 
flow  in  the  condenser.  If  the  ejn.f.  has  a  sine  wave-form, 
the  charging  current  will  have  a  sine  wave-form. 

THE  CHARGING  CURRENT  leads  the  impressed  voltage 
across  the  condenser  by  90  electrical  degrees. 

THE  CAPACITY  REACTANCE  of  a  circuit  is  the  ratio  of  the 
impressed  volts  to  the  charging  current  at  a  given  frequency. 

T         ^- 
-Ao  =  —  • 

If  the  frequency  of  the  current  and  the  capacitance  of  the  line 
are  known,  the  capacity  reactance  can  be  found  from  the 
equation 

ir  ^ 

THE  CHARGING  CURRENT  OF  LINE  may  be  found  by 
dividing  the  sum  of  the  voltages  at  sending  and  receiving 
end,  by  twice  the  capacity  reactance  of  the  line.  This  assumes 
that  the  capacitance  of  the  line  is  concentrated  in  two  conden- 
sers of  equal  capacitance,  one  situated  at  each  end  of  the  line. 
One-half  the  charging  current  is  assumed  to  be  sent  the  full 
length  of  the  line. 

Tables  of  capacitances  and  charging  currents  are  available  for 
lines  of  standard  sizes  of  conductors  and  standard  spadngs. 

THE  PRESENCE  OF  MINOR  HARMONICS  in  the  wave- 
form of  the  e.m.f.  impressed  upon  a  circuit  of  large  capaci- 
tance causes  the  charging  current  to  be  much  more  irregular 
in  form  than  the  ejn.f.  curve.  The  higher  the  frequency  of 
the  harmonic  the  greater  the  distortion  of  the  current  wave. 

THE  VOLTAGE  AT  THE  RECEIVING  END  of  long  un- 
loaded lines  is  usually  higher  than  the  voltage  at  the  sending 
end.    This  is  due  to  the  fact  that  the  effect  of  the  voltage  to 
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overcome  the  resistance  is  negligibly  small,  so  that  the  voltage 
at  the  sending  end  has  to  overcome  only  the  combination  of  the 
inductive  reactance  and  the  capacity  reactance.  Since  diese 
two  reactances  are  opposite  in  effect,  the  voltage  at  the  send- 
ing end  equals  the  difference  between  the  voltage  required  to 
overcome  the  capacity  reactance  and  the  voltage  to  overcome 
the  inductive  reactance.  This  difference  is  smaller  than  the 
voltage  to  overcome  the  capacity  reactance  alone,  which  is  the 
voltage  at  the  receiving  end. 

THE  CAPACITY  CURRENT  MAY  IMPROVE  THB 
POWER-FACTOR  of  the  line  if  the  load  has  a  lagging  power- 
factor. 

UNDERGROUND  AND  SUBMARINE  CABLES  HAVB 
SUCH  LARGE  CAPACITANCE  and  the  breakdown  voltage  of 
the  insulation  is  so  low  that  it  is  impractical  to  transmit  alter- 
nating-current power  economically  to  any  great  distance  by 
means  of  them,  ten  miles  being  about  the  greatest  distance, 
and  23,000  volts  the  highest  pressure. 

LIGHTNING  DISCHARGES  NEAR  A  LINE  CAUSE 
SURGES  of  current  which  may  raise  the  ejn.f.  high  enough 
to  damage  the  highly  inductive  machinery,  if  the  surges  or 
oscillations  are  allowed  to  enter  them. 

CHOKE  COILS  inserted  in  the  line  protect  the  machinery 
by  allowing  the  surge  to  raise  the  voltage  at  the  points  where 
the  choke  coils  are  situated.  This  excess  voltage  is  dien 
made  use  of  to  cause  the  charge  to  ''  spill  over  "  a  gap  to  a 
ground  connection,  and  flow  off  to  the  ground. 

A  HORN  GAP  is  introduced  in  order  to  break  the  power 
arc  which  may  persist  after  the  momentary  high  voltage  has 
broken  down  the  air  resistance  and  has  established  an  arc 
from  the  line  wires  to  ground. 

ALUMINUM  CELLS  AND  A  SMALL  AIR  GAP  aUow  no 
current  to  flow  through  them  at  normal  voltage,  but  a  slight 
rise  in  voltage  is  enough  to  break  down  the  internal  resistance 
of  the  cells  and  allow  an  excess  charge  to  flow  to  ground.  The 
cells  allow  practically  no  current  to  flow  in  the  opposite  direction 
and  thus  stop  all  oscillations  set  up  by  the  arc. 

CORONA  LOSS  begins  when  the  DISRITPTIVE  CRITICAL 
VOLTAGE  is  reached  and  increases  very  rapidly  as  the  voltage 
is  raised  beyond  this  point.  It  is  so  called  from  the  halo-like 
glow  which  appears  around  the  conductors  ¥dth  the  pressure  a 
little  above  the  disruptive  critical  voltage. 

The  following  formula  is  approximately  correct  for  fair- 
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weather  losses  on  commercial  transmission  lines  using  stand- 
ard cables.  Fog,  sleet  and  snow  cause  greater  losses.  Smooth 
round  solid  wires  cause  less  loss. 


5.54/y/-  (B  -  Eoy 


where 


« _f 

"*  "  10* 

Pm  =  corona  loss  per  conductor  per  mile,  in  WATTS. 
/  =  frequency,  in  CYCLES  PER  SECOND. 
r  =  radius  of  cable,  in  INCHES. 
8  =  spacing  of  cables,  in  INCHES. 
E  =  impressed  voltage  to  neutral. 
£b  =  disruptive  critical  voltage  to  neutral.  ^ 

THE  DISRUPTIVE  CRITICAL  VOLTAGE  for  clean 
stranded  cables  can  be  found  approximately  by  the  following 
formula: 

8 

JSb  -  100,000  r  logio — 

V 


PROBLEMS  on  CHAPTER  VI 
Prob.  M-6.  Power  is  transmitted  from  Meppen,  lU.,  to  Alton, 
Dl.,  a  distance  of  28.7  miles,  at  66,000  volts,  three-phase,  25  cycles. 
The  line  consists  of  No.  2,  stranded  copper,  strung  in  horizontal 
l^ane,  7^  feet  apart,  with  no  transpositions,  as  shown  in  Fig.  239. 
Compute  the  charging  current  of  this  line. 


Prob.  89-6.  What  is  the  voltage  in  the  generator  end  of  line  in 
Prob.  58,  when  the  line  is  open  at  the  receiving  end  and  the  voltage 
there  is  66,000  volts? 

Prob,  60-8.  The  Sierra  and  San  Francisco  Power  Co.  transmit 
34,000  kw.  from  Stanislaus  to  San  Francisco,  a  distance  of  138 
miles,  liy  means  of  two  tliree-phasc  circuits  at  a  pressure  of 
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104,000  volts.  Frequency,  60  cycles.  Conductors  are  No.  00, 
copper,  sixHstrand,  hemp-center,  arranged  in  vertical  plane,  spaced 
96  inches  apart.  Compute,  by  formulas,  and  check  from  tables 
in  Appendix  B: 

(a)  Capacitance  of  line  per  conductor  to  neutral. 

(6)  Inductive  reactance  of  line  per  conductor  to  neutral. 

Prob.  61-6.  What  la  the  charging  current  of  the  StanislauA- 
San  Francisco  line? 

Prob.  62-6.  When  the  line  is  open  at  the  San  Francisco  end, 
and  the  pressure  there  is  104,000  volts,  what  is  the  pressure  at  the 
Stanislaus  end? 

Prob.  68-6.  Compute  the  regulation  of  the  Stanislaus-San 
Francisco  line  with  load  of  85  per  cent  power-factor  lagging. 

Prob.  64r-6.  What  is  the  voltage  at  the  Stanislaus  end  at  half- 
load,  0.95  power-factor  lagging?  Assume  voltage  at  San  Fran- 
cisco to  be  maintained  constant  at  104,000  volts. 

Prob.  65-6.  If  the  voltage  at  the  Stanislaus  end  of  the  line 
should  become  118,000  volts  when  San  Francisco  is  taking  a 
load  of  10,000  kw.  at  0.80  lagging  power-factor,  what  will  be  the 
voltage  at  San  Francisco? 

Prob.  66-6.    Compute  the  corona  loss  of  the  line  in  Prob.  62. 

Prob.  67-6.  What  is  the  efficiency  of  transmission  of  the  Stan- 
islaus-San Francisco  line  at 

(a)  Full  load,  unity  power-factor? 

(6)  Full  load,  85  per  cent  lagging  power-factor? 

Prob.  68-6.  An  electric  power  company  is  planning  to  trans- 
mit 22,500  kw.  at  110,000  volts,  three-phase,  60-cycles,  over  a 
distance  of  200  miles.  Assume  energy  to  cost  8  miUs  per  kw-hr., 
and  estimate  interest,  depreciation,  taxes,  etc.,  at  10  per  cent.  If 
there  are  two  lines  per  tower,  operated  in  parallel,  and  the  line 
carries  full  load  16  hours  per  day  and  half  load  8  hours  per  day 
every  day  of  the  year, 

(a)  What  size  aluminum  cable  would  you  advise  be  used  at  35 
cents  per  pound  in  place? 

(6)  What  size  copper  cable  at  20  cents  per  pound  in  place? 

Prob.  6^-6.  (a)  What  spacing  of  conductors  would  you  advise 
be  used  on  the  line  in  Prob.  68? 

(6)  What  will  be  the  charging  current  if  copper  cables  are  used? 
Neglect  line  drop. 

Prob.  70-6.  What  will  be  the  fair-weather  corona  loss,  neglect- 
ing line  drop,  on  the  line  if  installed  as  in  Prob.  69? 
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Prob.  71-6.  Compute  the  regulation  of  the  line  in  Prob.  69,  at 
0.80  lagging  power-factor. 

Prob.  72-6.  What  is  the  efficiency  of  the  transmission  line  and 
the  poww-factor  at  the  generator  under  the  conditions  in  Prob.  69 
and  70? 

Prob.  78-6.  The  "  Electrical  World,"  April  25,  1914,  gives  the 
following  data  on  the  Cheat  Haven-Butler,  Pa.,  transmission  line: 
the  line  is  106  miles  long  and  operates  at  125,000  volts,  three-phase, 
60-cycle8,  2  lines  per  tower.  Conductors  No.  0,  copper,  six-strand, 
spaced  in  vertical  plane,  60  inches  apart.  Compute  the  fair-weather 
corona  loss  using  these  data. 

Prob.  74-6.  What  is  the  charging  current  on  the  Cheat  Haven- 
Butler  line? 

Prob.  76-6.  What  is  the  Une  regulation  of  line  in  Prob.  26 
when  transmitting  full  load  of  32,000  kw.  at  80  per  cent  lagging 
power-factor? 

Prob.  76-6.  Compute  the  efficiency  of  transmission  of  the  line 
in  Prob.  75,  neglecting  the  transformers. 

Prob.  77-6.  What  is  the  power-factor  at  the  generators  of  the 
Stanislaus-San  Francisco  line  when  full  load  at  85  per  cent  power- 
factor  and  104,000  volts  is  being  taken  from  the  receiving  end? 

Prob.  78-6.  What  regulation  will  the  line  have  and  what  power- 
factor  will  the  generators  have  in  the  project  of  Prob.  68  as  you 
have  planned  it,  using  aluminum  cables,  when  the  full  load  has  a 
power-factor  of  80  per  cent? 


CHAPTER  VII 
ASYNCHRONOUS  MOTORS 

It  is  shown  in  Art.  28  and  in  Chapter  VIII  that  an  alter- 
nating-current generator  may  operate  as  a  "synchronous 
motor,"  taking  electrical  power  into  its  armature  winding, 
and  delivering  mechanical  power  at  its  shaft.  If  the  fre- 
quency of  the  power  supply  is  maintained  constant,  the 
speed  of  such  a  motor  will  be  the  same  at  all  loads  that  may 
be  put  upon  it  up  to  the  point  where  it  "pulls  out"  and  stops. 
This  speed  is  the  "synchronous  speed"  and  its  value  in 
revolutions  per  second  is  equal  to  the  number  of  cycles  per 
second  divided  by  the  number  of  pairs  of  poles  in  the  a-c. 
machine  under  consideration;  it  is  the  speed  at  which  the 
machine  would  have  to  be  driven  as  a  generator  to  produce 
an  e.m.f .  of  the  same  frequency  as  that  of  the  supply  line. 

We  shall  also  see  that  no  considerable  torque  can  be 
exerted  by  an  a-c.  generator  operated  in  this  manner  as  a 
motor,  until  it  has  been  "synchronized,"  or  brought  up  to 
synchronous  speed.  If  suitable  polyphase  alternating  cur- 
rent is  supplied  to  its  armature  winding,  we  shall  see  that  a 
comparatively  weak  torque  will  be  produced  in  the  poly- 
phase synchronous  motor,  if  the  field  is  stationary  or  is 
rotating  at  any  speed  less  than  synchronous  speed.  This 
torque  tends  to  start  it  or  to  bring  it  up  to  synchronous 
speed  and  is  due  to  eddy  currents  induced  in  the  pole-pieces 
or  pole-faces  by  the  magnetic  flux  produced  by  the  poly- 
phase currents  in  the  polyphase  armature  windings. 

If  we  supply  single-phase  alternating  current  to  the  arma- 
ture of  a  single-phase  a-c.  generator  no  starting  torque  is 
produced.    This  difference  of  action  is  due  primarily  to  the 

427 
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fact  that  in  the  polyphase  machine  the  flux  produced  by 
the  supply  currents  is  rotating  around  the  shaft  of  the  ma- 
chine, whereas  in  the  single-phase  machine  the  direction  or 
position  of  the  flux  is  fixed  with  relation  to  the  wuidings, 
although  the  amount  of  flux  varies  in  approximately  har- 
monic relation  to  time. 

The  essential  difference  between  the  "induction  motor" 
and  the  "synchronous  motor"  can  best  be  understood  by 
studying  carefully  the  difference  between  the  manner  in 
which  the  synchronous  motor  produces  the  torque  to  carry 
its  normal  load  at  synchronous  speed,  and  the  manner  in 
which  the  same  motor  produces  the  torque  to  start  it  from 
standstill.  The  load  torque  is  due  to  magnetic  attraction 
of  the  poles,  produced  by  the  alternating  currents  in  the 
"armature"  windings  for  the  poles  produced  by  the  direct 
current  in  the  "field"  winding,  this  direct  current  being 
supplied  from  some  external  source.  This  load  torque  can 
only  be  exerted  when  the  "field,"  or  rotor,  is  turning  at 
exactly  synchronous  speed;  otherwise,  the  torque  is  alter- 
nately in  one  direction  and  the  other,  its  average  value  being 
zero,  regardless  of  the  strength  of  the  field  poles  or  the  amount 
of  armature  current.  On  the  other  hand,  the  starting  torque 
is  due  to  magnetic  attraction  (or  repulsion)  between  the  same 
stator  poles  produced  by  the  alternating  currents  taken 
from  the  supply  line,  and  the  local  currents  or  eddy  currents 
induced  in  the  rotor  by  the  variations  of  the  stator  flux. 
We  have  here  during  starting,  therefore,  a  sort  of  transformer 
action  whereby  the  activity  of  the  rotor  is  produced  induc- 
tively by  the  stator  magnetism  rather  than  by  an  external 
source  of  direct  current.  While  being  started  from  the  a-c. 
supply  mains,  and  until  it  reaches  exact  synchronous  speed, 
the  synchronous  motor  really  operates  as  an  "induction 
motor."  At  sjmchronous  speed,  the  variations  of  flux  in 
the  rotor,  and  therefore  the  e.m.f.'s  and  currents  induced  in 
the  rotor,  are  reduced  to  zero,  and  the  induction-motor  torque 
disappears,  being  replaced  by  the  synchronous-motor  torque. 
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The  inductioD-motor  torque  exerted  by  a  synchronous 
motor  while  startiag  is   usually  improved  by  any  means 
which  increaaes  the  amount  of  induced  currents  in  the  rotor 
or  the  amount  of  the  inducing  flux  produced  by  the  stator 
windings-     Thus,  the  synchronous  motor  will  have  a  higher 
starting  t«rque  if  its  pole-faces  are  of  solid  iron  than  if  they 
are  of  laminated  iron  (although  the  efficiency  of  the  machine 
is  thereby  reduced)  on  account  of  the  increased  amount  of 
eddy  currents  in  the  pole-faces.     Thus,  also,  the  starting 
torque  is  much  increased  by  the  "squirrel-cage"  made  of 
copper  bars,  which  is  often  inserted  in  slots  prepared  for  the 
purpose  in  the  pole-faces,  as  illustrated  in  Fig.  240,  because 
the  conductivity  of  the  copper  paths  thus  provided  for  the 
eddy  currents  is  much 
greater  than  the  con- 
ductivity of  the  iron 
paths  in  the  pole-faces 
which   these  currents 
would     otherwise    be 
compelled    to   follow. 
It  will   be   explained 
that  the  original  pur- 
pose   of  this   copper 
squirrel-cage    on    the 
rotor  of  synchronous 
generators    and    syn- 
chronous motora  is  to   ^'*'   2*"     ^'^''^  "**••  Bquirre!-<age  winding 
reduce    the    tendency       fo^  "5  kv-a.  and  larfpr  belted  alternators, 
reduce    tne    tendency       westinghouse  EUctric  and  Mfg.  Co. 
of  such  machines  to 

"hunt"  or  oscillate;   but  it  serves  also  very  usefully  to  in- 
crease the  induction-motor  torque  for  starting. 

93.  CoDstructiOD  of  the  Polyphase  Induction  Motor. 
The  fundamental  structural  members  of  the  induction  motor 
are  the  stator  and  the  rotor.  The  stator  is  the  stationary 
frame,  made  of  steel  laminations  so  punched  and  bolted 
together  as  to  form  a  hollow  cylinder,  the  inside  of  which  is 
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accurately  formed  and  is  grooved  axially  with  slots  into  which 
an  insulated  winding  is  laid.  This  winding  does  not  differ 
in  any  essential  respect  from  those  employed  for  alternating- 
current  generators,  which  are  explained  in  detail  in  Chapter 
IX  of  the  "First  Course."  Quite  commonly  it  is  of  the  two- 
layer  type  with  diamond-shaped  formed  coils  as  in  Fig.  241, 
which  is  a  copy  of  Fig.  353,  First  Course.    In  the  case 


Fig.  241.     Frame  and  armature  winding  for  an  alternating-current 
generaUir  or  motor.     We«linghouKe  Electric  and  Mfg.  Co. 

which  we  are  at  present  consitlering,  it  U3  arranged  or  con- 
nected for  two  or  three  phases,  and  is  connected  to  a  poly- 
phase power  supply  having  a  similar  number  of  phases  and 
an  e.ni.f.  of  such  value  that  an  etgual  counter  c,m.f,  can  be 
induced  in  the  stator  winding  with  a  flux  density  in  the 
staler  core  not  large  enough  to  cause  excessive  iron  loeaes 
and  heating.  Fig.  241  is  really  the  stationary  armature  of 
a  revolving-fiold  a-c.  generator,  but  it  is  exactly  like  the  stator 
of  a  majority  of  induction  motors. 

The  rotor  is  the  rotating  member  of  the  motor.     It  also 
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is  made  up  of  laminations  bolted  together,  punched  in  such 
manner  as  to  form  grooves  in  which  the  rotor  winding  is 
placed.  The  outside  cylindrical  surface  of  the  rotor  is 
accurately  formed  to  a  diameter  that  is  only  enough  less 
than  that  of  the  stator  in  which  it  revolves  to  give  a  safe 
mechanical  clearance.  The  radial  depth  of  the  air  gap 
between  rotor  and  stator  is  commonly  between  0.02  and  0.08 
inch;  larger  values  cause  the  power-factor  of  the  motor  to 
l:>e  low,  and  smaller  values  make  it  difficult  to  adjust  and 
maintain  the  rotor  in  proper  mechanical  and  magnetic 
relation  to  the  stator. 

Induction  motors  are  classified  as  "squirrel-cage"  or  as 
"wound-rotor"  motors,  according  to  the  method  of  placing 
in  the  rotor  slots  the  copper  circuits  in  which  the  stator 
magnetism  induces  the  currents  that  react  to  produce  the 
torque  of  the  motor.  In  Fig.  242  we  see  a  fully  wound 
stator  resting  on  its  base-plate,  and  surrounded  by  an  end- 
jhield  (or  bearing)  and  three  different  rotors,  Ky  L,  M,  any 
one  of  which  may  be  used  with  this  stator.  iiC  is  a  squirrel- 
cage  winding  consisting  of  lightly-insulated  copper  bars 
which  have  been  pushed  through  the  rotor  slots  and  then 
welded,  riveted,  or  soldered  at  each  end  to  a  ring  of  copper 
or  bronze  which  connects  them  all  together  electrically. 
This  squirrel-cage  rotor  does  not  differ  essentially  from  the 
rotor  shown  in  Fig.  240,  except  that  the  latter  has  salient 
or  definite  poles  with  coils  carrying  direct  current,  which 
are  not  necessary  in  the  induction  motor.  The  slots  of  rotors 
L  and  M  in  Fig.  242  are  filled  with  a  well-insulated  winding 
very  similar  to  that  which  occupies  the  stator  slots.  The 
total  resistance  of  each  rotor  circuit  of  M  and  L  may  be  ad- 
justed by  inserting  suitable  rheostats  between  the  terminals 
of  the  rotor  windings;  the  effect  is  (as  will  be  shown)  to  en- 
able us  to  control  the  speed  of  the  motor,  to  improve  the 
power-factor,  and  to  adjust  the  starting  torque  to  any  value 
that  may  be  desired,  thereby  making  the  motor  much  more 
flexible  than  when  a  squirrel-cage  rotor  is  used.    The  ad- 
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justsble  resistances  may  be  mounted  within  the  rotor  and 
controlled  by  means  of  a  sliding  collar  on  the  shaft  as  in  L, 
or  they  may  be  removed  entirely  from  the  motor  and  con- 
neeted  to  the  rotor  w  indings  through  collecting-rings  as  in 
.1/  (Fig.  242). 


Flo.  242.  Rotor  JCisa  equirrel-cage  typeof  rotor  foranioductioD  motor; 
Lisa  wound  rotor  with  extra,  resistances  mounted  within,  and  iV  is  a 
wound  rotor  to  be  connected  with  extra  resistances  through  the  col- 
lecting rings.     General  Eketric  Co. 

94.  Physical  Theory  of  the  Induction  Motor.  When 
polyphase  currents  are  caused  to  flow  properly  in  the  poly- 
phase windings  of  the  stator,  magnetic  polar  regions  are 
produced  on  the  cylindrical  surface,  which  move  progressively 
around  the  axis  —  in  other  words,  the  flux  rotates  around 
the  shaft  of  the  rotor.  When  the  rotor  is  standing  still, 
this  moving  flux  induces  e.m.f.'s  and  currents  lengthwise 
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of  the  rotor  from  the  points  where  the  flux  is  most  dense 
toward  the  points  where  the  flux  is  less  dense  or  is  of  opposite 
sense.  The  rotating  flux  exerts  a  mechanical  force  upon  the 
conductors  which  carry  these  currents,  tending  to  turn  the 
rotor.  In  accordance  with  Lenz's  Law,  the  direction  of 
induced  e.m.f .  and  current  is  such  as  to  move  the  rotor  in  a 
direction  which  will  reduce  or  limit  the  induced  e.m.f.  and 
the  current;  in  other  words,  the  torque  produced  tends  to 
turn  the  rotor  in  the  same  direction  that  the  flux  is  moving. 

If  the  resisting  torque  is  not  too  great,  the  rotor  b^ins  to 
turn  and  is  gradually  accelerated.  As  its  actual  speed  in- 
creases, its  relative  speed  with  respect  to  the  revolving  flux 
decreases,  hence  the  induced  e.m.f.,  rotor  current  and  torque 
also  decrea^.  When  the  rotor  speed  has  increased  to  such  a 
value  that  the  induced  e.m.f  .'s  and  rotor  currents  are  reduced 
to  a  value  just  suflScient  to  overcome  the  resisting  torque  due  to 
the  rotor  losses  and  to  whatever  load  may  be  upon  the  motor, 
there  is  no  longer  any  excess  torque  tending,  to  accelerate  the 
motor,  and  its  speed  becomes  steady.  Therefore,  the  final 
speed  will  not  be  as  high  for  a  heavy  load  as  it  will  be  for  a 
light  load.  If  there  were  no  load  on  the  motor  and  no 
fnctional  or  magnetic  losses  in  the  rotor,  the  speed  would 
become  equal  to  the  speed  of  the  revolving  flux  or  the 
"sjmchronous  speed"  —  that  is,  the  number  of  revolutions 
around  the  shaft  which  any  given  pole  on  the  stator  makes 
per  minute  or  per  second;  because  then  no  torque  and  no 
rotor  current  would  be  necessary,  hence  no  induced  rotor 
e.m.f .  and  no  speed  difference  between  the  stator  flux  and 
the  rotor  would  be  required. 

The  difference  between  the  actual  speed  of  the  rotor  and 

the  synchronous  speed  is  called  the  ''slip,"  and  it  is  usually 

expressed  in  percentage  of  the  synchronous  speed.    Thus,  if 

a  motor  has  a  speed  of  1140  r.p.m.  at  full  load  with  a  slip  of 

5  per  cent,  the  stator  magnetism  of  this  motor  is  revolving 

1140 
at  a  speed  of  ^r-^ ,  or  1200  rev.  per  min.    At  zero  load,  the 
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rotor  of  this  motor  will  turn  at  very  nearly  1200  rev.  per  mln., 

as  the  PR,  hysteresis  and  eddy-current  losses  in  the  rotor 

will  be  practically  zero  and  the  friction  losses  very  small.  3 

/"  Suppose  that  the  e.m.f .  applied  to  the  stator  of  the  motor 

mentioned  in  the  preceding  paragraph  has  a  frequency  of 

60  cycles  per  second.    The  stator  must  therefore  be  wound 

for  three  pairs  of  poles  (6  poles),  because  the  moving  stator 

poles  induce  the  counter  e.m.f.  in  each  stator  conductor 

as  well  as  the  active  e.m.f.  in  each  rotor  conductor,  and  the 

number  of  pairs  of  poles  passing  any  given  conductor  per 

second  is  the  same  as  the  frequency  of  e.m.f.  induced  in  that 

conductor  in  cycles  per  second.    Thus,  frequency  of  counter 

e.m.f.  in  stator  (equal  of  course  to  the  frequency  of  impressed 

e.m.f.)  is  equal  to  synchronous  speed  in  revolutions  per 

1200 
second  times  number  of  pairs  of  poles;  or,  60  =  -^r-  X  3. 

The  synchronous  speed  of  the  induction  motor  is  calculated 
from  the  number  of  poles  on  the  stator  and  the  frequency 
of  impressed  e.m.f.,  in  the  same  manner  as  for  a  synchronous 
motor  or  generator. 

The  production  of  torque  by  means  of  induced  currents  in 
the  rotor  is  illustrated  by  Kg.  243.  We  consider  here  a 
4-pole  motor,  which  will  have  a  synchronous  speed  of 

60  (cycles  per  second) ^^ 

2  (cycles  per  revolution  of  stator  flux)  *  ^ 

=  1800  rev.  per  min. 
The  four  polar  regions  on  the  stator  move  progressively 
clockwise,  let  us  say,  at  an  angular  speed  of  30  rev.  per  sec. 
The  rotor  turns  also  clockwise,  but  at  some  lower  speed,  say 
1620  r.p.m.,  or  27  r.p.s.  (10  per  cent  slip).  That  is,  the  stator 
poles  move  with  respect  to  the  rotor  conductors  at  a  speed 
of  only  3  rev.  per  sec.  (slip  speed),  and  in  a  clockwise  direc- 
tion. To  analyze  the  action,  we  may  consider  either  that 
the  rotor  is  held  stationary  while  the  stator  poles  turn  clock- 
wise at  a  speed  of  3  r.p.s.,  or  that  the  stator  poles  remain 
stationary  while  the  rotor  turns  counter-clockwise  at  a  speed 
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of  3  r.p.8.    In  Fig.  243  it  is  assumed  that  the  stator  poles 
turn  clockwise. 

At  any  instant,  the  rotor  conductor  situated  under  the 
middle  of  the  polar  regions  of  the  stator,  or  at  the  points 
where  the  stator  flux  is  most  dense,  will  have  the  largest 


Fio.  243.  The  rotor  conductors  are  here  assumed  to  have  resistance 
but  no  inductance.  The  dot  O  represents  the  induced  current  as 
flowing  toward  the  observer,  the  0  as  flowing  away  from  him. 

value  of  e.m.f.  induced,  and  the  rotor  conductors  midway 
between  stator  poles  will  have  no  e.m.f.  induced  in  them. 
As  usual,  an  e.m.f .  in  direction  toward  the  reader  is  repre- 
sented by  a  dot  O,  and  ane.m.f.  away  from  the  reader  is 
represented  by  a  cross  ©.^"^^ow,  Fig.  243  is  drawn  on  the 
supposition  that  the  electrical  circuits  of  the  rotor  are  non* 
inductive,  —  that  they  offer  resistance  but  have  zero  in- 
ductive reactance.  Then,  at  any  iastant,  the  conductors 
which  have  the  greatest  induced  e.m.f.  have  also  the  greatest 
current  flowing  through  them,  and  this  current  flows  in  the 


436  ALTERNATINQ-CUKRENT  ELECTRICITY 

direction  of  the  induced  e.m.f7l  The  relative  magnitudes  of 
these  currents  in  the  various  rotor  conductors  is  indicated 
roughly  by  the  relative  size  of  the  direction-symbols  in  the 
small  circles  which  represent  cross-sections  of  rotor  con- 
ductors in  Fig.  243.  tj!t  is  easily  seen  that  the  effect  of  these 
rotor  currents  is  to  produce  a  set  of  poles  Nr,  Sr\  N/',  S/^ 
on  the  surface  of  the  rotor  midway  between  the  stater  poles 
N/,  S/,  AT/',  S/\  As  the  rotor  pole  N/  is  pushed  by  the 
stator  pole  AT,'  and  pulled  by  the  stator  pole  S.',  it  is  evident 
how  the  torque  of  the  motor  is  produced.  As  the  stator 
poles  move,  the  e.m.f.'s  and  currents  which  ^  indu 
the  rotor  also  progress,  and  the  rotor  poles  ttereforera 
exact  s3mchronism  with  the  stator  poles  and  maintain  the 
same  position  with  relation  to  them,  regardless  of  how  the 
rotor  circuits  may  be  wound  or  connected  together?) 

Kg.  244  is  drawn  to  show  what  effect  would  be  produced 
if  the  rotor  conductors  were  to  have  zero  resistance  but  con- 
siderable inductive  reactance.  In  this  case,  the  maximum 
current  would  not  be, attained  in  any  rotor  conductor  until 
}  period  after  the  e.m.f.  in  that  conductor  had  passed  through 
its  maximum  value  in  the  same  direction,  or  until  the  pole 
which  would  induce  an  e.m.f.  in  that  direction  has  reached  a 
point  one-half  pole-pitch  beyond  the  rotor  conductor  in 
question.  This  results  in  a  distribution  of  currents  such  as  is 
shown  in  Fig.  244  for  a  particular  instant;  in  effect,  there  is 
a  sheet  of  current  where  the  conductors  lie  on  the  surface 
of  the  rotor,  and  this  sheet  travels  in  time-synchronism  with 
the  stator  poles  and  in  fixed  space-relation  to  them.  The 
current-density  is  not  uniform  at  all  points  in  the  current- 
sheet,  but  the  whole  effect  (when  Xr  is  large  compared  to  Rr)  is 
to  form  a  set  of  rotor  poles  (Nr't  S/,  Nr",  Sr")  directly  beneath 
the  corresponding  stator  poles  iV,',  &',  N",  S,".  It  is  plain 
that  with  such  relative  position  of  rotor  and  stator  poles 
no  torque  can  be  produced,  all  the  magnetic  forces  being 
either  exerted  radially  or  balanced  tangentially. 

From  the  foregoing  discussion  we  learn  one  reason  why 
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the  torque  of  an  induction  motor  is  often  weaker  at  the  mo- 
ment of  starting  than  it  is  after  the  rotor  has  attained  some 
speed.  At  standstill,  the  frequency  of  the  rotor  currents 
has  a  maximum  value,  in  fact  equal  to  the  frequency  of 


?fatortfjj^ 


Fig.  244.  The  rotor  conductors  are  here  assumed  to  have  reactance 
but  no  resistance.  Note  that  the  poles  on  the  rotor  are  directly 
opposite  similar  poles  on  the  stator. 

stator  currents;  and  when  the  usual  amount  of  inductance 
is  associated  with  each  rotor  conductor  or  circuit,  this  rep- 
resents a  relatively  large  value  of  reactance  in  the  rotor. 
Although  the  induced  e.m.f.'s  in  the  rotor  are  relatively  large 
on  account  of  the  large  value  of  slip,  the  torque  may  be  rela- 
tively weak  at  starting  because  of  the  unfavorable  position 
of  rotor  poles,  i.e.,  of  rotor  current-sheet  with  respect  to  the 
stator  poles.  When  the  rotor  turns  near  synchronous  speed 
(as  it  ordinarily  does  at  full  load  or  less),  the  frequency  of 
rotor  e.m.f.  is  small  and  the  inductive  reactance  of  the  rotor 
is  small  for  the  same  inductance,  hence  each  ampere  of  rotor 
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current  will  contribute  much  more  torque  than  at  standstill, 
because  of  the  more  favorable  position  of  rotor  poles  relative 
to  stator  poles  as  illustrated  by  Fig.  243  and  244. 

Prob.  1-7.  What  is  the  synchronous  speed,  or  angular  velocity 
of  the  rotating  flux  in  rev.  per  min.,  for  an  induction  motor  stator 
wound  for  8  poles  and  connected  to  (a)  a  60-cycle  circuit,  (6)  a 
25-cycle  circuit? 

Prob.  2-7.  If  the  zero-load  speed  of  an  induction  motor  is  718 
r.p.m.,  when  connected  to  60-cycle  mains,  what  must  be  the  num- 
ber of  poles  for  which  its  stator  is  wound? 

Prob.  3-7.  The  actual  rotor  speed  at  full  load  for  the  motor 
in  Prob.  2  is  698  r.p.m.  What  is  the  per  cent  slip  at  (a)  zero  load, 
(6)  full  load? 

Prob.  4-7.  A  certain  induction  motor  driven  from  60-cycle 
mains  has  a  full-load  speed  of  860  r.p.m.  and  a  zero-load  speed  of 
896  r.p.m.  Calculate:  (a)  For  how  many  poles  the  stator  must 
be  wound,  (6)  the  synchronous  speed,  (c)  the  per  cent  slip  at  full 
load,  (d)  the  per  cent  speed  regulation  of  motor,  (e)  the  per  cent 
slip  at  zero  load. 

Prob.  5-7.  When  the  motor  of  Prob.  1  is  at  standstill,  what  is 
the  frequency  of  e.m.f.  induced  in  each  conductor  on  the  rotor? 

Prob.  6-7.  When  the  motor  of  Prob.  4  is  running  at  zero  load, 
what  is  the  frequency  of  e.m.f  induced  in  each  conductor  on  the 
rotor? 

Prob.  7-7.  If  the  rotor  of  the  motor  in  Prob.  4  is  wound  with 
the  same  number  of  coils  as  the  stator,  these  coils  having  also  the 
same  number  of  turns  and  the  same  relative  positions  (in  other 
words,  if  the  rotor  winding  is  a  dupUcate  of  the  stator  winding) 
and  if  the  voltage  per  phase  of  the  stator  winding  is  134  while  the 
frequency  is  60  cycles  per  second,  calculate  the  voltage  per  phase 
induced  in  the  rotor  windings,  (a)  with  rotor  at  standstill,  (6)  with 
motor  running  at  zero  load. 

Note.  In  this  problem  assume  that  all  flux  produced  by  the 
stator  windings  links  also  with  the  rotor  windings  —  i.e.,  there  is 
no  magnetic  leakage.  This  is  a  theoretically  perfect  condition 
which  cannot  be  realized  practically  particularly  on  account  of  the 
air  gap  between  rotor  and  stator.  See  Art.  41  and  64  on  the 
transformer. 

Prob.  8-7.  What  would  be  the  answers  to  the  questions  of 
Prob.  7  on  the  assumption  that  10  per  cent  of  the  total  flux  which 
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links  with  the  stator  winding  leaks  through  the  air  gap  from  one 
stator  pole  to  another  without  linking  the  rotor  winding? 

Prob.  9-7.  If  the  electrical  circuit  is  opened  in  each  phase  of 
the  rotor  winding  in  Prob.  4  when  the  motor  is  carrying  full-load 
torque,  what  will  the  speed  become?  (6)  Approximately  what  will 
be  the  starting  torque  of  the  motor  under  this  condition? 

Prob.  1(^-7.  When  the  electrical  circuit  is  complete  in  each  phase 
of  the  rotor  in  Prob.  4,  at  what  angle  (mechanical-  or  space-degrees) 
from  the  stator  poles  would  the  corresponding  rotor  poles  tend  to 
be  formed,  under  the  following  conditions: 

(a)  Ohms  reactance  (xa)  of  each  rotor  circuit  equal  to  the  ohms 
resistance  (x%)  of  the  same  circuit; 

(6)-=  4' 

Zt      3 
(c)  —  s=  -?    Illustrate  by  diagrams  similar  to  Fig.  243  and  244. 
rt      4 

Prob.  11-7.  Wl»at  would  be  the  answers  to  the  questions  of 
Prob.  7  if  the  number  of  turns  per  rotor  coil  is  only  25  per  cent  of 
the  number  of  turns  per  stator  coil,  the  two  windings  being  in  all 
other  respects  exactly  alike? 

Prob.  12-7..  What  would  be  the  answers  to  the  questions  of 
Prob.  8  on  the  additional  assumption  stated  in  Prob.  11? 

Prob.  13-7.  If  the  circuit  of  each  phase  of  the  rotor  winding  in 
the  motor  of  Prob.  4  be  opened  and  the  rotor  is  coupled  to  an  ex- 
ternal source  of  mechanical  power  which  drives  it  at  synchronous 
speed  but  in  a  direction  opposite  to  that  of  the  rotating  field,  what 
will  be  the  frequency  of  the  e.m.f .'s  induced  between  terminals  of 
each  phase  of  the  rotor  winding? 

Prob.  14-7.  What  will  be  the  voltage  between  terminals  of 
each  rotor  phase  in  Prob.  13,  under  the  specifications  stated  in 
Prob.  7  for  windings  and  flux? 

Prob.  15-7.  If  the  circuit  of  each  phase  of  the  rotor  winding 
in  the  motor  of  Prob.  4  be  opened  and  the  rotor  is  coupled  to  an 
external  source  of  mechanical  power  which  drives  it  at  a  speed  of 
1200  r.p.m.  in  the  same  direction  that  the  stator  flux  is  moving, 
what  will  be  the  frec[uency  of  the  e.m.f  .'s  induced  between  terminals 
of  each  phase  of  the  rotor  winding? 

Prob.  16-7.  What  will  be  the  voltage  between  terminals  of  each 
rotor  phase  in  Prob.  15,  under  the  specifications  stated  in  Prob.  7 
for  windings  and  flux? 


440  ALTERS ATINQ-CURKENT  ELECTRICITY 

Prob.  17-7.  If  the  circuit  of  each  phase  of  the  rotor  winding 
in  the  motor  of  Prob.  4  be  opened  and  the  rotor  is  coupled  to  some 
external  mechanical  power,  at  what  speeds  may  it  be  driven  in 
order  that  the  frequency  of  the  e.m.f.'s  induced  between  the  ter- 
minals of  each  phase  of  the  rotor  winding  shall  be  25  cycles  when  the 
frequency  of  polyphase  e.m.f /s  impressed  upon  the  stator  windings 
is  60  cycles? 

Prob.  18-7.  What  will  be  the  voltage  between  terminals  of  each 
rotor  phase  in  Prob.  17,  under  the  specifications  stated  in  Prob.  7 
for  windings  and  flux?  (Note  that  the  induction  motor  in  Problems 
13  to  18  acts  as  a  frequency^hanger.) 

Pxob.  19-7.  (a)  If  the  rotor  of  the  motor  in  Prob.  4  is  wound 
exactly  like  the  stator,  and  turns  in  the  direction  of  the  torque 
produced  by  stator  flux,  and  at  one-half  of  synchronous  speed, 
what  will  be  the  frequency  of  e.m.f .'s  induced  in  the  rotor? 

(6)  If  the  terminals  of  the  rotor  windings  in  this  motor  be  con- 
nected to  the  stator  terminals  of  an  exactly  similar  motor,  at  what 
speed  will  the  rotor  of  the  second  motor  tend  to  rotate? 

(c)  If  the  motor  of  part  (6)  be  aligned  with  the  motor  of  part  (a) 
in  such  manner  that  they  tend  to  rotate  in  the  same  direction,  and 
the  two  be  coupled  together  mechanically  in  this  position,  at  what 
speed  should  the  shafts  rotate  when  polyphase  e.m.f .'s  of  60  cycles 
frequency  are  impressed  on  the  stator  of  No.  1  while  the  rotor 
terminals  of  No.  2  are  short-circuited  together? 

95.  The  Rotating  Magnetic  Field.  The  production  of 
torque  in  the  induction  motor  depends  primarily  upon  a 
movement  of  the  flux  or  polar  regions  on  the  stator,  around 
the  axis  of  the  rotor.  This  fact  is  so  important,  and  so 
diflicult  sometimes  to  follow,  that  we  should  pause  to  study 
it  carefully  and  in  detail.  Fig.  245  represents  the  stator 
of  a  two-phase  two-pole  induction  motor.  When  a  current 
flows  positively  through  phase  A  (that  is,  let  us  assume, 
from  A  toward  A'  through  the  rear  end-connection),  while 
no  current  flows  in  phase  B,  a  compass  needle  R  pivoted  at 
the  axis  of  the  stator  would  point  its  north  end  upward,  as 
shown  by  the  full  arrow  a.  When  current  flows  positively 
(from  B  toward  B'  through  the  rear  end-connection)  in  phase 
B  while  no  current  flows  in  phase  A,  the  north  pole  of 
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the  compaas  R  would  point  to  the  right,  as  shown  by  the 
dotted  arrow  6. 

Now  connect  coils  A  and  JB  to  a  two-phase  source  of  power, 
so  that  a  current  flows  in  each  of  them,  these  two  currents 


Fig.  245.  The  stator  of  a  two-phase  induction  motor .  A  positive  current 
in  phase  A  causes  the  magnetic  needle  n  to  point  up.  A  positive  cur- 
rent in  phase  B  causes  a  magnetic  needle  n  to  point  to  the  right. 


Fig.  246.  The  curves  show  the  values  and  directions  of  the  component 
stator  fields  of  motor  in  Fig.  245  at  the  various  instants  during  one 
and  one-half  cycles.  Note  that  the  field  due  to  phase  A  leads  the  field 
due  to  phase  B  by  OO"*. 

being  equal  in  value  (on  account  of  the  sjrmmetry  of  the 
circuits)  and  having  90  electrical  degrees  phase  difference. 
Let  us  find  the  relative  strength  of  the  resultant  magnetic 
field  due  to  the  stator  windings  at  successive  instants  of 
time  I  period  apart,  and  its  direction  as  indicated  by  the 
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compass  needle  R.  The  chosen  instants  are  represented  by 
tiy  tt,  ti,  etc.,  in  Fig.  246,  and  the  method  of  finding  the 
corresponding  direction  and  magnitude  of  the  resultant  field 
R  is  indicated  correspondingly  at  ti,  tn,  tz,  etc.,  in  Fig.  247. 
At  ^1,  the  current  in  phase  A  has  its  maximum  positive  value 
and  the  current  in  phase  B  is  zero,  consequently  the  resultant 
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Fig.  247.  Vector  diagramB  showing  the  amount  and  direction  of  the 
stator  field  of  the  motor  in  Fig.  245,  at  the  instants  |marked  (i,  (t  .  •  . 
in  Fig.  246. 

field  R  is  exactly  the  same  as  the  field  due  to  phase  A  alone. 
Thus  if  <l>m  represent  the  maximum  strength  of  field,  or 
amount  of  flux,  due  to  maximum  current  in  either  phase 
alone,  R  is  equal  to  0m  and  is  directed  vertically  upward  at 
the  instant  ^i.  At  ^2)  i  period  later,  the  field  due  to  phase  A 
has  reduced  to  the  value  a  =  0m  cos  45°  =  0.707  0m9  although 
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it  is  still  in  the  positive  or  upward  direction;  at  the  same 
instant  (as  may  be  seen  from  Fig.  246);  the  field  due  to  phase 
B  has  increased  from  zero  to  the  value  6  =  ^  sin  45°  = 
0.707  0m,  and  its  direction  is  positive  or  toward  the  right. 
The  resultant  of  these  components  taken  together  is 
ft  =  V2  X  0.707  *.•  =  «m,  as  shown  at  h  in  Fig.  247. 

In  similar  fashion  we  follow  the  resultant  field  during  one 
complete  cycle  from  ^i  to  Uy  and  we  find  that  any  given  mag- 
netic polar  region  on  the  stator  will  travel  over  the  distance 
occupied  by  two  polar  regions  of  the  stator  winding.  That 
is,  in  the  case  under  consideration  in  Fig.  245,  246  and  247, 
although  there  are  always  two  magnetic  polar  regions  on  the 
surface  of  the  stator  (diametrically  opposite,  it  being  a  two- 
pole  winding),  both  of  these  poles  will  sweep  around  the 
axis  while  keeping  a  fixed  relation  to  each  other,  making 
one  complete  revolution  in  the  stator  for  each  cycle  of  e.m.f . 
impressed  on  the  stator  windings,  which  means  60  rev.  per 
sec.  if  the  frequency  is  60  cycles.  By  a  similar  analysis,  it 
could  be  shown  that  if  the  stator  were  wound  for -4  poles 
instead  of  2,  the  time  of  two  cycles  of  impressed  e.m.f.  would 
be  .required  for  each  of  the  four  poles  to  move  completely 
around  the  stator,  or  the  synchronous  speed  of  the  stator 

BO 

magnetism  would  be  -^  =  30  rev.  per  sec.  corresponding  to 

a  frequency  of  60  cycles  per  sec.     Each  magnetic  pole  on  a 

25 
stator  wound  for  6  poles  would  make  ■«-  =  8 J  revolutions  of 

the  stator  per  second  or  500  r.p.m.,  when  the  motor  is  con- 
to  a  25-cycle  circuit, 
ien  the  stator  is  wound  for  three  phases  (and  2  poles) 
the  analysis  of  magnetic  relations  is  as  shown  in  Fig.  248, 
249  and  250.  When  current  flows  in  phase  A  only,  in  posi- 
tive direction  (A  toward  -4'  in  the  rear  end-connection),  the 
flux  is  in  direction  indicated  by  Oa  in  Fig.  248;  similarly, 
positive  direction  of  current  in  phases  B  and  C  produce  flux 
in  the  direction  Ob  and  Oc  respectively.    At  the  instant  <i, 


444  ALTERNATING-CURRENT  ELECTRICITY 

we  see  from  Fig.  249  that  phases  A,  B  and  C  produce  fluxes 
respectively  as  follows  (the  currents  or  component  fluxes  A, 
B,  C  of  Pig.  249  being  120°  apart) : 

a  =  ^  (in  positive  direc- 
tion, as  indicated 
by  Oa  in  Fig. 
248). 
6  =  ^  sin  30°  =  0.5  4>^ 
(in  negative  direc- 
tion, or  opposite 
to  06  in  Fig.  248). 
c  =  «*.  sin  30°  =  0.5  «i« 
(in  negative  direc- 
tion, or  opposite 
to  Oc  in  Fig.  248). 

In  Fig.  250  (<i),  these 
three  component  fluxes 
a,  b,  c  are  combined  in 

A  proper  relative  values 
and  directions,  produc- 
ing the  resultant  total 
flux  B  =  1.5  **,  where 
</>,„  is  the  flux  that  would 

■"  be  produced  by  the  maxi- 
mum instantaneous  value 
of  current   in   any  one 
phase  alone. 
_  At  the  instant  tt,  xV 

Fig.  249.  Sine  curves  showing  the  direc-  period   or   30    electrical 

tion  and  value  of  the  fluxes  produced  at  degrees  later,  the  a  com- 

every  instant  by  the  three-phase  arma-  ponent  has  decreased  to 

ture  windings  of  Fig.  248.  ^j^^   y^i^^  <l>^co&3(f  or 

0.87  <h„,  but  is  still  in  its  positive  direction  (along  Oa  in 
Fig.  248);  the  6  component  has  reduced  to  zero;  the  c 
component  has  increased  in  value  to  4>«  sin  60°  or  0.87  ^ 


Fia.  248.  Diagram  of  the  stator  wind- 
ings of  a  three-phase  two-pole  motor. 
The  arrows  show  the  direction  of  the 
flux  due  to  positive  currents  in  the 
phase  windings. 
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and  IS  still  negative,  of  in  direction  opposite  to'Oc  in  Fig.  248. 
The  resultant  total  magnetic  field  at  this  instant  is  shown 
as  JS  in  Fig.  250  ((2),  and  is  seen  to  have  moved  30®  from 
its  previous  position  in  Fig.  250  (ii)  tV  period  earlier,  although 
it  has  exactly  the  same  numerical  strength,  namely,  1.5  ^. 


Fig.  250.  Vector  diagrams  showing  how  the  fluxes  produced  by  the 
three-phase  winding  of  the  motor  in  Fig.  248  combine  so  as  to  pro- 
duce always  the  same  resultant  field  of  1.5  0.  This  flux,  however,  is 
rotating. 

Between  the  instants  ti  and  U  the  elapsed  time  is  i  period, 
and  we  see  from  Fig.  250  that  meanwhile  the  position  of  the 
resultant  flux  R  has  progressed  steadily  at  uniform  angular 
velocity  through  90  mechanical  degrees,  maintaining  mean- 
while a  constant  strength  represented  by  1.5  <t>m*  Continu- 
ing the  analysis  further  along  the  same  lines,  we  might  show 
that  for  each  cycle  of  impressed  e.m.f.  or  stator  current, 
every  magnetic  pole  of  the  stator  flux  moves  progressively 
over  the  space  occupied  by  two  adjacent  polar  regions  of 
the  stator  winding.  Thus,  just  as  in  the  case  of  the  two- 
phase  motor,  the  synchronous  speed  of  the  rotating  flux 
is  ^  or  30  rev.  per  sec.  in  a  60-cycIe  motor  having  4  poles 
(2  pairs),  and  V  or  8i  r.p.s.  in  a  25-cycle  motor  having  6 
poles  (3  pairs). 

Prob.  SO-7.    The  three-phase  stator  of  Fig.  248  is  connected  in 
star  to  a  three-phase  supply  line.    The  line  wire  connected  to 


446  ALTERNATING-CURRENT  ELECTRICITY 

phase  B  breaks.    Explain,  by  aid  of  a  sketch,  what  happens  to  both 
the  position  and  the  value  of  the  resultant  flux  R. 

Prob.  21-7.  The  stator  coils  A  and  B  of  the  two-phase  motor 
of  Fig.  245  are  connected  to  two  phases  (e.m.f.'s  of  equal  value  but 
120  electrical  degrees  phase  difference)  of  a  three-phase  supply  line. 
Draw  vectors  OR  as  in  Fig.  250  to  represent  the  direction  and 
value  of  the  resultant  flux  at  successive  instants  of  time  ^  period 
a[>art,  beginning  when  the  current  in  phase  A  has  its  maximum  posi- 
tive value. 

Prob.  22-7.  The  stator  coils  A  and  B  of  the  three-phase  motor 
of  Fig.  248  are  connected  to  a  two-phase  line  (e.m.f.'s  of  equal  value 
but  90  electrical  degrees  phase  difference).  Draw  vectors  OR  as 
in  Fig.  247  to  represent  the  direction  and  value  of  the  resultant 
flux  at  successive  instants  of  time  i  period  apart,  beginning  when 
the  current  in  phase  A  has  its  maximum  positive  value. 

Prob.  28-7.  For  convenience  in  mathematical  analysis,  a  mag- 
netic field  which  has  fixed  direction  but  strength  varying  harmon- 
ically with  respect  to  time  (that  is,  a  single-phase  field)  is  sometimes 
considered  to  be  composed  of  two  fields  which  are  of  equal  and 
constant  strength,  and  are  rotating  at  uniform  and  equal  angular 
velocity  but  in  opposite  directions.  Demonstrate  whether  this 
assumption  is  justified  or  not. 

Prob.  24-7.  The  stator  of  a  given  induction  motor  is  wound 
for  and  energized  by  two-phase  e.m.f.'s,  while  the  rotor  is  wound 
three-phase  and  is  connected  in  star.  If  the  windings  are  similar 
and  the  number  of  slots  per  phase  per  pole  and  of  turns  per  coil 
are  the  same  for  rotor  and  stator,  what  will  be  the  ratio  of  induced 
stator  voltage  to  induced  rotor  voltage: 

(a)  Between  terminals  of  each  phase; 

(&)  Between  terminals  of  star  in  rotor?  Assume  that  all  flux 
links  completely  with  both  stator  and  rotor. 

Prob.  25-7.  What  effect  would  be  produced  upon  the  stator 
magnetism  by 

(a)  Reversing  the  connections  of  phase  A  only,  in  Fig.  245 ; 
(6)  Interchanging  the  connections  of  two  line  wires  to  the  stator 
in  Fig.  248  (assuming  it  to  be  star-connected)? 

96.  Starting  Characteristics  of  the  Polyphase  Induction 
Motor.  The  facts  and  relations  which  interest  us  partic- 
ularly about  the  starting  of  an  induction  motor  are: 
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(a)  The  maximum  amount  of  torque  which  can  be  de- 
veloped to  start  the  motor,  and  the]  methods  for  controlling 
this  torque. 

(6)  The  current  required  to  start  the  motor  against  any 
given  resisting  torque. 

(c)  The  power-factor  of  the  starting  current. 
There  is  the  greatest  difference  between  a  squirrel-cage 
motor  and  a  wound-rotor  motor  in  respect  to  these  important 
factors,  consequently  we  shall  discuss  first  the  squirrel-cage 
motor,  and  later  indicate  where  the  wound-rotor  motor  differs. 

At  the  moment  of  starting,  a  squirrel-cage  motor  is  exactly 
like  a  transformer  which  has  a  short-circuited  secondary 
and  an  air-gap  in  the  magnetic  circuit  between  primary 
(stator)  and  secondary  (rotor).  The  secondary  is  stationary, 
and  the  rotating  flux  has  the  same  angular  velocity  with 
respect  to  both  rotor  and  stator.  The  secondary  current 
per  circuit  is  equal  to  the  secondary  induced  e.m.f.  per  cir- 
cuit divided  by  the  secondary  impedance  per  circuit.  This 
impedance  depends  upon  the  values  of  resistance  and  re- 
actance. The  resistance  is  a  fixed  quantity  in  this  type  of 
motor  and  is  made  low  in  order  that  the  efficiency  may  be 
high;  the  reactance  depends  directly  upon  the  rotor  in- 
ductance per  circuit  and  upon  the  frequency  of  the  rotor 
currents  or  e.m.f.'s  induced  in  the  rotor  conductors.  The 
rotor  inductance  is  due  to  flux  (caused  by  the  currents  in 
rotor  conductors)  which  links  with  rotor  but  not  with  stator 
conductors;  its  value  is  approximately  constant  in  a  given 
motor.  The  rotor  frequency  is  directly  proportional  to  the 
slip  and  has  a  large  value,  equal  to  stator  frequency,  when 
the  motor  is  at  standstill  or  is  being  started. 

From  the  foregoing  it  is  evident  that  at  the  time  of 
starting  a  squirrel-cage  induction  motor,  the  secondary  re- 
actance (0^2)  is  large  in  comparison  with  the  secondary 
resistance  (rj).  Therefore,  the  rotor  currents  will  lag  nearly 
90  electrical  degrees  behind  the  e.m.f.  induced  in  the  rotor 
circuits.    The  conditions  are  then  as  represented  in  Pig.  244, 
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and  the  stator  flux  is  revolving  at  synchronous  speed  with 
respect  to  the  rotor  J  The  rotor  poles  or  magneto-motive 
forces  are  almost  directly  opposed  to  the  stator  poles  or 
m.m.f.'s;  consequently,  a  relatively  large  part  of  the  flux 
which  links  with  the  stator  coils  and  generates  the  counter 
e.m.f.  in  them  leaks  through  the  air  gap  from  one  part  of 
the  stator  to  another  without  linking  the  rotor,  and  the 
induced  e.m.f. 's  in  the  rotor  circuits  are  less  than  directly 
proportional  to  the  slip.  This  is  equivalent  to  sa3dng  that 
the  leakage  reactance  of  the  stator,  or  primary  of  the  trans- 
former, is  increased  by  the  presence  of  the  air  gap,  and  that 
the  reacting  e.m.f.  due  to  reactance  and  load  component 
of  stator  current  (taken  to  balance  the  ampere-turns  of  the 
secondary,  and  lagging  nearly  90^  behind  the  impressed 
e.m.f.)  is  almost  directly  opposite  in  phase  to  the  e.m.f. 
impressed  on  the  stator,  so  that  the  reduction  of  induced 
e.m.f .  thereby  is  relatively  large. 

We  may  summarize  our  analysis  as  follows,  with  particu- 
lar reference  to  the  squirrel-cage  motor: 

First  The  starting  current  taken  from  the  line  by  the 
stator  is  large  because  additional  primary  ampere-turns  are 
required  to  balance  the  secondary  ampere-turns,  thus  main- 
taining the  flux  and  counter  e.m.f.  in  primary  as  discussed 
in  Chapter  III,  Art.  35.  The  secondary  (rotor)  current 
tends  to  be  large  because  the  slip  is  very  large,  which  in- 
duces a  relatively  large  e.m.f.  in  the  rotor  notwithstand- 
ing the  fact  that  the  magneto-motive  force  of  the  rotor  is 
in  nearly  direct  opposition  to  the  primary  m.m.f.  and  the 
amount  of  inducing  (mutual)  flux  is  thereby  reduced.  The 
rotor  current  is  limited,  however,  by  the  relatively  large 
value  of  secondary  frequency  due  to  the  100  per  cent  slip. 
The  internal  torque  developed  will  depend  directly  upon  the 
starting  current,  and  the  acceleration  of  the  motor  will 
increase  with  the  excess  of  this  torque  over  the  resisting 
torque  due  to  load.  To  start  on  full-load  torque  with  an 
average  squirrel-cage  motor  will  require  2.5  to  5  times 
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full-load  current  from  the  line.  Rather  complete  data  is 
given  in  Table  I. 

Second.  The  power-factor  of  the  starting  current  is  low. 
When  starting  against  full-load  torque,  a  squirrel-cage  motor 
will  have  a  power-factor  of  about  55  to  60  per  cent.  This 
is  because  the  ratio  of  inherent  reactance  to  resistance 
in  the  short-circuited  secondary  (rotor)  is  large.  This  in 
turn  is  due  principally  to  the  large  value  of  sUp  and  of 
secondary  frequency,  and  to  the  relatively  large  values  of 
leakage  inductance  in  both  primary  and  secondary  caused 
by  the  air  gap  between  them. 

Third.  The  starting  torque  is  low  in  relation  to  the 
starting  current,  principally  because  of  the  unfavorable 
position  of  the  rotor  currents  and  poles  with  respect  to  the 
stator  poles  (see  Fig.  244).  The  maximum  torque  that  can 
be  developed  in  a  given  squirrel-cage  motor  to  start  it  from 
rest  is  limited  by  its  design  (values  of  rt  and  xj),  and  in  the 
average  motor  is  about  1.5  times  full-load  .torque.  Table  I 
gives  more  complete  data. 

Prob.  2^7.  (o)  Calculate  the  actual  full-load  speed  in  r.p.m.  for 
the  20-h.p.  90Q-r.p.m.  motor  of  Table  I,  operating  from  a  60-cycle 
2300-volt  circuit. 

(&)  Calculate  the  current  taken  from  each  line  wire  at  full  load 
by  this  motor,  if  it  is  three-phase. 

(a)  Calculate  full-load  torque  in  pound-feet  at  the  pulley  for  this 
motor. 

Prob,  27-7.  For  the  motor  of  Prob.  26,  calculate  the  following 
additional  items:  (a)  Actual  starting  current,  amperes  per  line 
wire  if  started  against  rated-load  torque  at  line  voltage.  (6)  Torque 
(pound-feet)  per  ampere  when  starting  under  this  condition, 
(c)  Torque  (pound-feet)  per  ampere  at  full  load. 

Prob.  28-7,  Answer  the  questions  of  Prob.  26,  with  relation  to 
the  2a-h.p.  1200-r.p.m.  motor  of  Table  I. 

Prob,  2^7.  Answer  the  questions  of  Prob.  27,  with  relation  to 
the  motor  of  Prob.  28. 
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TABLE  II 

EinCIENCIBS  AND  POWBBrFACTORS  OF  60-GTCLB,  2-,  AND  3-PHASlB  SQUIRREL- 

CAQE  Induction  Motors  hade  bt  the  Richmond  Electric  Co. 

850  R.p.m. 


H.p. 

Per  cent  efficiency. 

] 

Per  cent 

ipower- 

£BMJtor. 

Load. 

Load. 

i 

i 

* 

1 

U 

i 

1 

i 

1 

U 

1 

58 

74 

77 

78 

77 

45 

62 

71 

75 

77 

2 

61 

75 

78 

80 

78 

47 

63 

72 

77 

78 

3 

68 

77 

80 

81 

80 

47 

63 

73 

78 

80 

5 

65 

79 

81 

82 

81 

50 

66 

76 

80 

82 

7.6 

66 

81 

82 

83 

83 

52 

70 

76 

81 

83 

10 

66 

81 

83 

84 

84 

54 

72 

78 

82 

HSi 

15 

66 

83 

84 

85 

84 

56 

73 

79 

84 

86 

20 
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86 

88 

88 

88 

56 

73 

80 

86 

88 

25 

67 

87 

88 

88 

87 

57 

74 

81 

86 

87 

30 

67 

86 

87 

88 

88 

58 

75 

82 

87 

89 

35 

67 

85 

86 

88 

87 

57 

75 

83 

87 

88 

40 

67 

85 

87 

88 

87 

57 

76 

84 

88 

89 

45 

68 

86 

88 

89 

88 

67 

76 

84 

88 

90 

50 

68 

86 

88 

89 

88 

58 

75 

83 

88 

90 

60 

68 

86 

88 

89 

88 

58 

75 

83 

89 

91 

75 

68 

87 

88 

89 

89 

58 

75 

84 

90 

92 

1140 

• 

R.p.ii 

1. 

H.p. 

Pern 

mteffic 

iency. 

Percen 

t  power 

factor. 

Load. 

Load. 

i 

i 

i 

1 

U 

i 

i 

> 

1 

U 

0.25 

50 

62 

64 

65 

63 

40 

52 

57 

62 

63 

0.5 

53 

66 

70 

72 

71 

43 

50 

66 

70 

72 

1 

53 

73 

76 

77 

77 

45 

59 

68 

75 

77 

2 

60 

78 

80 

81 

80 

51 

66 

75 

80 

81 

3 

61 

79 

81 

83 

81 

54 

70 

78 

83 

84 

5 

62 

79 

82 

83 

82 

54 

70 

79 

85 

87 
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64 

82 

84 

84 

82 

56 

72 

82 

86 

87 

10 

65 

83 

84 

85 

84 

56 

73 

82 

87 

89 

15 

65 

83 

85 

86 

85 

57 

75 

84 

88 

88 

20 

67 

85 

86 

86 

85 

57 

75 

84 

89 

91 

25 

66 

84 

86 

86 

85 

57 

75 

84 

89 

91 

30 

65 

84 

85 

86 

86 

56 

74 

84 

89 

91 

35 

67 

85 

86 

86 

85 

55 

75 

85 

89 

90 
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68 

85 

86 

87 

86 

55 
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45 

68 

85 

86 

87 

86 
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97.  Startiiig  Torque  of  Polyphase  Induction  Motors.    If 

we  alter  the  design  of  the  motor  so  as  to  change  the  ratio  of 
Xt  (reactance  per  secondary  circuit  at  standstill)  to  rj  (re- 
sistance per  secondary  circuit),  while  keeping  the  total  sec- 
ondary impedance  (Vn*  +  xf)  constant,  we  find  that  the 
actual  maximum  starting  torque  will  be  attained  when  rt  =  X2. 
It  may  be  shown,  either  mathematically  or  by  test,  that  the 
actual  value  of  this  maTimnni  torque  at  standstill  depends 
upon  factors  of  design  and  operation,  as  follows:* 

(a)  It  is  directly  proportional  to  the  square  of  the  num- 
ber of  turns  per  secondary  circuit. 

(fc)  It  is  directly  proportional  to  the  square  of  the  voltage 
induced  per  turn  of  the  secondary  circuit  at  standstill. 

*  These  relations  may  be  explained  as  follows: 

(a)  Doubling  the  number  of  turns  per  secondary  circuit,  other 
things  being  equal,  would  double  the  e.m.f .  induced  in  each  secondary 
circuit.  This  would  cause  the  current  per  circuit  to  be  doubled  if  r^ 
and  Xi  remain  unchanged.  With  twice  as  many  rotor  conductors, 
each  carrying  twice  as  many  amperes,  all  acted  upon  by  the  same 
stator  flux  as  formerly,  the  turning  effort  will  evidently  be  doubled 
twice,  or  quadrupled. 

(6)  Doubling  the  voltage  induced  per  turn  of  secondary  circuit, 
other  things  being  equal,  would  double  the  e.m.f.  induced  in  each 
secondary  circuit.  A  doubled  e.m.f .  per  turn  indicates  that  the  amount 
of  inducing  flux  has  been  doubled.  This  doubled  flux  acts  upon  the 
doubled  current  in  each  secondary  conductor,  to  produce  a  quadrupled 
torque. 

(c)  A  doubling  of  the  angular  velocity  of  the  rotating  flux  would 
be  due  to  a  doubling  of  the  frequency  of  e.m.f .'s  applied  to  the  stator, 
or  to  halving  the  number  of  poles.  If  we  are  keeping  the  same  induced 
volts  per  turn  of  secondary  circuit  while  doubling  the  speed  of  the 
rotating  flux,  we  must  at  the  same  time  halve  the  amount  of  the  flux. 
The  secondary  current  per  conductor  remains  constant  if  the  induced 
volts  per  turn  is  constant,  and  this  same  current  is  acted  upon  by  the 
halved  flux  to  produce  a  halved  turning  effort. 

{d)  To  produce  the  maximum  starting  torque  with  other  conditions 
as  given,  fj  has  been  made  equal  to  xt.  If  now  we  double  the  value 
of  both  ft  and  xj,  the  impedance  per  secondary  circuit  is  doubled  and 
the  current  per  circuit  is  halved  for  the  same  induced  e.m.f.  per  cir- 
cuit. This  halved  current  acts  upon  the  unchanged  flux  to  produce 
a  halved  torque. 
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(c)  It  is  inversely  proportional  to  the  angular  velocity  of 
the  rotating  field. 

(d)  It  is  inversely  proportional  to  the  value  of  secondary 
resistance  per  circuit,  which  is  assumed  to  be  made  equal  to 
the  reactance  per  circuit. 

To  increase  the  starting  torqae,  there- 
fore, we  have  to  make  one  or  more  of 
the  following  changes: 

(a)  Increase  the  number  of  conductors 
on  the  rotor.  This  can  be  done  when 
designing  a  new  motor,  but  is  not  prac- 
ticable for  a  motor  already  constructed. 
We  must  bear  in  mind  also,  that  the 
number  of  secondary  turns  affects  the 
value  of  secondary  inductance. 

(6)  Increase  the  voltage  applied  to  the 
stator.  This  will  increase  the  counter 
e.m.f.  in  stator,  the  flux,  and  therefore 
also  the  voltage  induced  per  turn  of  the 
secondary.  Lai^  motors  would  draw 
too  much  current  from  the  line  if  started 
even  at  full-load  voltage.     Thus  it  is 

necessary  to  cut  down  the  line  voltage  fio.  251.  Three-phase 
for  starting.  The  stator  voltage  may  be  atarting  oampenBator 
controUedby  introducing  an  adjustable  ^'"'  induction  motors, 
resistance  between  each  stator  phase  ^quipM  with  iio-volt- 
,  ,,  I-       I-  1  tige  release  (left  aide) 

and  the  correspondmg  line  win^s,  keep       ^^^  f^^  j^  p^j^ 

ing  these  resistances  always  equal  to  againet  overload.  The 
one  another  so  that  the  phases  will  re-  cylinder  switch  at  the 
main  balanced.     This  method  involves      'x'ttom  is  tor  making 

a  large  /'ft  loss  in  such  resistances  (as      ^^^  ^'""""S  "f  ^^ 

°  ■      ,      1  running  connection, 

they  carry  the  entire  load  current)  and 

a  correspondingly  low  efficency  for  the  motor. 

The  method  usually  employed  to  lower  the  voltage  applied 

to  the  stator  for  starting  and  raise  it  again  when  the  rotor 

has  attained  its  full-load  speed  is  by  means  of  autotran»- 
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formers.  Thus,  Fig.  251  represents  what  is  known  as  a 
"starting  compensator,"  such  as  is  used  for  starting  three- 
phase  squirrel-cage  induction  motors  of  5  horse  power  and 
lai^r.  It  consists  essentially  of  three  autotrand'ormers 
connected  together  in  star.  The  handle  on  the  right  oper- 
ates a  drum-switch  below,  enabling  us  to  connect  the 
motor  terminals  to  taps  on  the  autotransformers  for  starting 
the  motor  and  to  change  over  directly  to  the  line  after  the 
motor  has  reached  its  full  speed.  The  motor  is  protected 
against  overload  by  fuses  on  the  board  just  above  the  com- 
pensator; if  desired,  these  fuses  may  be  replaced  by  circuit- 
breakers  or  by  overload  relays  which  give  warning  when 
they  stop  the  motor. 

Fig.  252  shows  the  complete  connections  for  this  same 
compensator.     When  the  switch-cylinder  is  turned  so  as  to 


Pig.  252.  Connections  of  the  three-phaae  starting  compouator  wHb 
no-voltage  release  shown  in  Fig.  251.  The  fuses  protect  the  motor 
when  running,  but  not  when  starting.     Oeneral  Electric  Co. 

connect  to  the  front  finger-block,  the  outer  ends  of  the  auto- 
transformers are  connected  to  the  line  and  the  intermediate 
taps  are  connected  to  the  motor  terminals.  The  motor 
thereby  receives  something  less  than  line  voltage,  depending 
upon  the  location  of  the  taps.  After  the  motor  has  reached 
full  speed  the  cylinder-switch  is  thrown  over  to  the  running 
side,  and  the  motor  is  thereby  connected  through  the  back 
finger-block  directly  to  the  line  (through  the  fuses)  receiving 
full  rated  voltage. 
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Notice  that  the  fuses  in  Fig.  252  are  not  in  circuit  during 
starting,  as  the  starting  current  is  usually  considerably 
larger  than  fulUoad  current,  and  fuses  which  would  protect 
the  motor  in  normal  operation  would  be  continually  blowing 
when  the  motor  is  starting.  The  cylinder-switch  is  often 
arranged  so  that  it  will  not  stay  in  the  starting  position  unless 
held  there  by  hand.  When  it  is  thrown  to  the  running  side, 
the  compensators  become  dis- 
connected from  the  line,  which 
avoids  the  continual  core  losses 
in  them  that  would  otherwise 
occur. 

Fig.  253  is  a  simplified  dia- 
gram showing  such  arrange- 
ments as  may  be  used  in  starting 
motors  of  large  size  or  high  volt- 
age. First  throw  in  the  switch 
iSi,  energizing  the  autotrans- 
formers.  Then  throw  switch  S^ 
downward,  connecting  the  mo- 
tor to  intermediate  taps  on  the 
compensator  C,  When  motor 
reaches  full  speed  throw  S2  up- 
ward, connecting  motor  directly  ^'^ 
to  line  through  trip  coils,  which 
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latter  operate thecircuit-breakerFio.  253.  Starting  compensator 
in  case  of  overload.  Finally,  with  separate  switches,  forstart- 
open  switch  Si,  disconnecting  ing  three-phase  induction  mo- 
compensator  from  the  line.  *°"  ^^  ^^^  ^^  *"^  *^  ^^^^ 

Motors  smaller  than  5  horse     **®' 
power  are  usually  started  either  by  means  of  a  star-delta 
switch  (see  First  Course,  Fig.  130  and  Prob.  13&-3,  page 
152),  or  by  connecting  the  stator  directly  to  the  line  without 
any  starting  device. 

(c)  It  is  not  practicable  to  change  the  speed  of  the  rotating 
field  for  changing  the  starting  torque  of  the  motor,  because  the 
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line  frequency  is  not  under  the  control  of  the  operator,  and 
the  winding  and  switching  required  to  change  the  number  of 
poles  on  the  stator  are  too  complicated  and  expensive. 

{d)  The  starting  torque  would  be  raised  by  increasing  the 
rotor  resistance  Vi  up  to  the  point  where  r^  becomes  equal  to 
X2  (at  standstill).  If  n  is  increased  further  than  this,  the 
starting  torque  decreases  again,  because  the  gain  due  to 
change  in  the  position  of  the  rotor  poles  is  not  as  great  as 
the  loss  due  to  increase  of  rotor  impedance  (which  cuts  down 
the  rotor  current).  If  copper  circuits  are  used  in  the  rotor, 
it  is  ordinarily  impracticable  to  hold  Xs  (at  standstill)  down 
to  the  same  value  as  rt.  But  Vi  may  be  increased  so  as  to 
be  more  nearly  equal  to  xj,  by  using  alloyed  metals  for  the 
rotor  bars  and  connections  (end-rings),  which  have  higher 
resistance  than  copper.  Although  this  does  increase  the 
starting  torque,  it  also  lowers  the  efficiency  of  the  motor 
and  causes  it  to  have  a  poor  speed  regulation,  as  we  shall  see 
later. 

If  we  use  a  wound-rotor  in  our  induction  motor,  it  is  easy 
to  bring  out  the  terminals  of  the  rotor  circuits  through  col- 
lecting-rings to  external  adjustable  resistances  as  already 
mentioned  in  relation  to  Fig.  242.  Adjusting  rs  thus  by 
external  means,  we  can  develop  in  the  wound-rotor  motor 
at  starting,  a  torque  as  large  as  the  motor  can  develop  when 
running  at  full  voltage,  which  it  is  not  practicable  to  do  in 
a  squirrel-cage  motor.  Moreover,  the  external  resistance 
may  be  short-circuited  or  cut  out  after  the  motor  is  up  to 
full  speed,  thus  avoiding  the  low  efficiency  and  poor  speed 
regulation  mentioned  above  as  pertaining  to  high  values  of  rs. 

Prob.  30-^7.  The  starting  torque  of  a  certain  squirrel-cage  motor 
is  2.5  times  rated-load  torque,  when  full  voltage  is  applied  to  stator 
at  starting.  For  about  what  per  cent  of  rated  or  line  voltage  shoiild 
the  taps  on  the  starting  compensator  be  adjusted,  in  order  to  start 
the  motor  against  rated-load  torque  with  as  little  current  as  possible? 

Prob.  31-7.  If  the  10-h.p.  120(>-r.p.m.  motor  of  Table  I  gives 
a  starting  torque  equal  to  200  per  cent  of  rated-load  torque  when 
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full  rated  voltage  is  applied  to  the  stator,  what  per  cent  of  rated 
voltage  is  the  least  that  will  start  the  motor  against  rated-load 
torque? 

Prob.  32-7.  Prom  the  answer  to  Prob.  31  and  the  data  given 
in  Table  I  for  starting  current  at  rated  voltage,  calculate  what  per 
cent  of  rated-load  current  should  be  required  to  start  the  motor 
against  rated-load  torque. 

Prob.  8S-7.  What  per  cent  of  rated-load  current  should  be 
taken  by  the  motor  of  Prob.  31  and  32  when  the  applied  voltage  is 
just  sufficient  to  start  it  against  150  per  cent  of  rated-load  torque? 

Prob.  84-7.  Assuming  the  inductance  of  the  secondary  or  rotor 
circuits  to  be  constant,  calculate  the  ratio  of  the  reactance  per  rotor 
circuit  at  rated  load  (3.9  per  cent  sUp)  to  the  reactance  at  standstill 
(starting)  for  the  50-h.p.  900-r.p.m.  motor  of  Table  I. 

Prob.  35-7.  The  starting  compensator  for  the  25-h.p.  120Q-r.p.m. 
induction  motor  of  Table  1  has  taps  for  40  per  cent,  60  per  cent  and 
80  per  cent  of  the  line  voltage,  which  is  equal  to  the  rated  voltage 
of  the  motor.  What  percentages,  respectively,  of  rated-load 
torque  will  be  obtained  when  starting  on  these  various  taps? 

98.  Current  and  Power-Factor  when  Starting  the  In- 
duction Motor.  Pursuing  further  the  analogy  between 
the  induction  motor  and  the  transformer  (see  Art.  96),  it  is 
usual  to  consider  the  total  current  which  the  stator  takes 
from  the  line,  as  being  made  up  of  an  exciting  component 
and  a  load  component.  The  exciting  component  is  itself 
considered  to  consist  of  a  magnetizing  component  (in  phase 
with  the  stator  flux  which  links  with  each  phase)  and  a  core- 
loss  component  (which  supplies  the  core-loss  power  and  is  in 
phase  with  the  e.m.f.).  The  load  component  of  stator  cur- 
rent is  taken  to  balance  the  counter  magneto-motive  force 
in  the  magnetic  circuit,  which  is  generated  by  the  current 
in  the  secondary  turns. 

For  a  given  voltage  applied  to  the  primary  or  stator, 
the  exciting  current  is  approximately  constant  regardless  of 
what  value  the  secondary  or  rotor  current  may  have,  be- 
cause the  counter  e.m.f .  in  the  stator  is  reduced  only  very 
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slightly  by  the  IiVi  and  IiXi  reactions  therein,  consequently  the 
stator  flux  remains  practically  unchanged  (or  proportional  to 
stator  voltage).  The  load  coii^>onent  of  stator  current^  how- 
ever, must  be  proportional  to  the  secondary  current  (the  ratio 
between  these  two  currents  being  approximately  the  same 
as  the  inverse  ratio  of  turns,  as  in  an  ordinary  transformer). 
The  power-factor  of  the  stator  load  component  must  be 
equal  to  the  power-factor  of  the  rotor  current;  this  is  equal 
to  the  cosine  of  the  angle  of  phase  diflference  between  cur- 
rent and   induced  e.m.f.   in  the  rotor,  or  (at  standstill) 


X2 


2 


Vr2^  + 

To  produce  a  reasonable  acceleration  of  the  rotor  even  at 
zero  load  requires  a  load  component  which  is  large  compared 
to  the  exciting  current  (being  equal  to  or  more  than  full-load 
current).  Consequently,  the  power-factor  of  the  entire 
stator  current  at  standstill  is  practically  equal  to  that  of 

the  rotor  current,  namely     >  ^         =»     If  ra  is  adjusted  to 

be  equal  to  0:2  so  as  to  produce  the  maximum  starting  torque 

for  a  given  current  and  rotor  impedance,  then  the  value  of 

r» 
this  power-factor  at  standstill  becomes  equal  to     y  ^  ,     = 

1 
or  7/=  or  0.71.     Obviously  the  power-factor  at  starting  may 

be  made  to  have  almost  any  desirable  value  by  simply  ad- 
justing the  ratio  of  r2  to  xj,  which  is  usually  accomplished 
by  adjusting  r2. 

The  amount  of  total  starting  current  taken  by  the  stator 
will  depend  almost  entirely  upon  the  amount  of  rotor  current, 
at  standstill.  This  will  depend  directly  upon  the  e.m.f. 
induced  per  rotor  circuit,  and  therefore  upon  the  e.m.f. 
impressed  on  the  stator;  it  will  also  be  inversely  proportional 

to  the  impedance  per  rotor  circuit,  which  is  Vr^  4-  x^  at 
standstill.    Theoretically  it  would  be  best  to  make  rt  equal 
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to  a^s  so  as  to  develop  maximum  torque;  and  then  make 
both  r2  and  X2  of  such  actual  value  that  the  rotor  current 
and  the  torque  developed  in  the  rotor  would  be  not  much 
more  than  sufficient  to  overcome  the  torque  against  which 
the  motor  must  start,  and  to  develop  a  proper  acceler- 
ation so  that  it  will  reach  full  speed  in  a  reasonable  length 
of  time  (say  one  minute).  Practically,  however,  in  any 
given  motor  Xi  is  not  adjustable,  so  that  if  we  do  not  vary 
the  voltage  we  must  adjust  the  motor  to  develop  the  required 
starting  torque  by  means  of  r2  only.  Therefore  the  starting 
current  and  the  starting  power-factor  will  each  depend  upon 
and  vary  with  the  other,  and  we  shall  be  able  to  control  the 
starting  current  independent  of  the  starting  power-factor 
only  by  adjusting  the  voltage  applied  to  the  motor. 

By  proper  adjustment  of  the  external  resistances  of  a 
wound-rotor  induction  motor  the  power-factor  while  starting 
against  full-load  torque  may  be  made  as  high  as  at  normal 
full  load  (that  is,  probably  85  per  cent  to  90  per  cent),  while 
the  starting  current  may  be  very  little  in  excess  of  rated 
full-load  current.  Compare  these  with  corresponding  values 
for  the  squirrel-cage  motor  as  given  in  Art.  96. 

The  effect  of  increasing  the  resistance  of  the  secondary 
(rotor)  circuits,  upon  the  current  taken  by  the  motor  at 
standstill  and  upon  the  starting  torque,  are  shown  in  Fig.  254. 
Curve  B  shows  that  the  largest  starting  torque  that  can  be 
developed  in  this  particular  (typical)  motor  is  250  per  cent 
of  rated  full-load  torque  (or  of  the  torque  which  will  develop 
rated  horse-power  output  at  rated  speed),  and  that  this 
torque  is  attained  when  the  resistance  external  to  the  rotor 
is  equal  to  about  three  times  the  internal  resistance  of  the 
rotor.  The  starting  torque  is  less  than  this  for  either  greater 
or  less  values  of  resistance  in  the  rotor  circuit.  Curve  A 
shows  the  current  taken  from  the  supply  line  by  the  stator 
(expressed  in  per  cent  of  current  taken  when  running  at 
normal  full  load),  when  the  resistance  of  the  rotor  circuit  has 
various  values.    Full  line  voltage  is  impressed  upon  the 
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stator  in  Fig.  254.  Both  curves  A  and  B  would  descend  to 
the  zero  line  at  the  point  where  rotor  resistance  becomes 
infinitely  large  (open  circuit  in  the  rotor),  because  then  no 
current  could  flow  in  the  rotor  and  therefore  no  forces  could 
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Fio.  254.  Curve  A  shows  the  relation  of  starting  current  to  rotor 
resistance,  voltage  constant.  Curve  B  shows  the  relation  of  torque  to 
rotor  resistance,  voltage  constant.    Wo/gner  Elect.  Mfg.  Co. 

be  produced  on  the  rotor.  Of  course  the  values  for  these 
curves  cannot  be  observed  for  resistances  lower  than  that 
of  the  rotor  winding  (short-circuit  across  rotor  terminals); 
but  the  dotted  portions  show  that  the  torque  would  be  zero 
and  the  current  maximum  if  the  entire  resistance  of  the 
rotor  circuit  (rj)  should  be  reduced  to  zero,  leaving  only 
Xi  to  limit  the  current.  We  have  seen  from  Pig.  244  why 
the  torque  is  zero  under  this  condition. 
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Fig.  255  shows  the  effects  of  impressing  reduced  voltsbge 
upon  the  stator  at  standstUl,  as  is  done  in  starting  a  squirrel- 
cage  motor  by  means  of  a  compensator  or  autotransformers. 
Curve  A  shows  current  (in  per  cent  of  current  taken  at 
normal  full  load  of  motor)  delivered  from  compensator  to 
stator,  curve  C  shows  current  (on  same  basis)  taken  by 
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Fig.  255.  Curve  A  shows  the  relation  of  the  starting  current  taken  by 
a  Wagner  induction  motor  to  the  voltage  applied.  Curve  C  shows 
the  relation  of  the  line  current  taken  by  the  compensator  to  the  stator 
voltage.  Curve  B  shows  the  relation  of  the  starting  torque  to  the 
voltage.    Wagner  Electric  Mfg.  Co. 

compensator  from  supply  line,  and  curve  B  shows  torque 
(in  per  cent  of  torque  at  normal  full  load),  when  the  voltage 
impressed  upon  the  stator  has  various  values  expressed  in  per- 
centage of  rated  voltage.  The  current  suppUed  to  the  motor 
is  directly  proportional  to  the  pressure  applied  to  the  stator 
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(or  induced  in  the  rotor),  because  the  resistance,  reactance  and 
impedance  of  the  rotor  circuit  are  all  constant  at  standstill. 
As  already  demonstrated,  the  torque  at  standstill  (in  fact, 
at  any  fixed  value  of  percentage  slip)  is  proportional  to  the 
square  of  voltage  applied  to  stator  or  the  voltage  induced 
in  rotor. 

Prob.  3^7.  If  the  power-factor  of  the  starting  current  for 
the  15-h.p.  120Q-r.p.m.  motor  of  Table  I  is  60  per  cent,  what  will  it 
be  when  starting  under  the  following  altered  conditions:  (a)  Stator 
voltage  reduced  50  per  cent,  frequency  unaltered;  (6)  stator  voltage 
unaltered,  frequency  reduced  50  per  cent;  (c)  stator  voltage  and 
frequency  both  reduced  50  per  cent?    Neglect  the  exciting  current. 

Prob.  37-7.  Each  rotor  circuit  of  the  motor  in  Prob.  36  has  a 
resistance  of  1  ohm,  let  us  say.  Calculate  the  reactance  of  each 
circuit,  in  ohms,  (a)  at  starting,  normal  frequency;  (6)  at  rated 
load,  with  5  per  cent  sUp.    Assume  inductance  constant. 

Prob.  38-7.  The  impedance  of  each  rotor  circuit  in  the  2-h.p. 
1800-r.p.m.  motor  of  Table  I  is,  let  us  say,  5  ohms  when  the  motor 
is  being  started  from  standstill.  What  will  be  the  corresponding 
value  at  rated  full  load  v^dth  5  per  cent  sHp  and  83  per  cent  power- 
factor? 

Prob.  3^7.  Assuming  each  motor  in  Fig.  254  and  255  to  be 
adjusted  so  as  to  develop  ratcd-load  torque  at  starting,  the  total 
PR  losses  in  the  motor  will  be  what  per  cent  of  the  PR  losses  at 
rated  full  load,  (a)  for  the  wound-rotor  motor  of  Fig.  254;  (6)  for 
the  squirrel-cage  motor  of  Fig.  255. 

[  Prob.  40-7.  Assuming  adjustments  to  have  been  made  on  each 
motor  of  Fig.  254  and  255  limiting  the  starting  current  on  the  supply 
line  to  150  per  cent  of  rated-load  current,  calculate  the  percentage 
of  rated-load  torque  developed  at  starting  by  (a)  the  woimd-rotor 
motor  of  Fig.  254;  (6)  the  squirrel-cage  motor  of  Fig.  255. 

Prob.  41-7.  Explain  the  reason  for  the  difference  between  curves 
A  and  C  in  Fig.  255,  and  show  that  they  correspond  exactly. 

Prob.  42-7.  From  the  data  in  Fig.  254  calculate  the  total  re- 
actance of  the  motor  at  standstill,  as  percentage.  Consider  that, 
OS  in  a  transformer  or  a-c.  generator,  the  percentage  reactance 
(volts)  means  the  percentage  of  rated  voltage  consumed  in  over- 
coming reactance  when  rated-load  current  flows. 
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99.  Action  of  Induction  Motor  when  Carrying  Load. 

"Loading"  a  motor  means  oflFering  more  opposition  to  the 
turning  of  the  motor.  The  first  effect  of  this,  in  any  motor, 
is  to  cause  a  reduction  of  speed  because,  for  an  instant  at 
least,  the  power  output  is  greater  than  the  power  input,  and 
the  excess  must  come  out  of  the  store  of  kinetic  energy  in 
the  moving  parts  of  the  machine  by  reduction  of  their 
"momentum"  and  velocity.  In  all  types  of  motor  which  we 
have  already  studied  we  have  seen  that  this  initial  reduction 
of  speed  produces  changes  in  the  counter  e.m.f.  and  the 
current  taken  from  the  line,  which  increases  the  electrical 
power  intake  of  the  motor;  the  speed  reduction  will  pro- 
ceed until  the  input  becomes  equal  to  the  output  plus  the 
.  losses,  at  which  point  the  speed  becomes  steady  again. 

So  it  is  also  with  the  polyphase  induction  motor.  When 
we  increase  the  load,  the  speed  falls  and  the  slip  increases. 
The  e.m.f.  induced  in  each  rotor  circuit  increases  with  the 
slip;  the  frequency  and  impedance  of  the  rotor  circuits  is 
nearly  constant  at  ordinary  loads,  so  that  the  rotor  current 
is  increased  approximately  in  proportion  to  the  rotor  e.m.f. 
and  the  slip.  The  rotating  stator  flux  exerts  increased  force 
upon  the  increased  rotor  currents, .producing  a  correspond- 
ingly greater  driving  torque.  The  speed  will  fall  until  this 
driving  torque  becomes  equal  to  the  resisting  torque,  and  will 
then  remain  steady  as  long  as  the  load  is  steady.  A  higher 
resistance  of  the  rotor  circuits  necessitates  a  greater  rotor 
e.m.f.  and  slip  in  order  to  produce  the  amount  of  rotor  cur- 
rent required  to  carry  the  same  load  (torque).  Therefore 
the  speed  corresponding  to  a  given  load  will  be  lower  on 
account  of  the  increase  of  slip  due  to  the  greater  rotor  re- 
sistance. 

To  simplify  our  reasoning,  let  us  first  consider  a  nearly 
ideal  motor.  If  the  primary  (stator)  had  no  resistance 
(n  =  0)  and  no  leakage  reactance  (xi  =  0),  then  the  primary 
counter  e.m.f.  and  the  flux  would  be  constant  for  all  loads 
(the  e.m.f.  impressed  upon  the  stator  windings  being  con- 
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stant),  and  therefore  the  slip  would  be  directly  proportional 
to  the  e.m.f .  that  <must  be  induced  in  the  rotor.  If  also  the 
secondary  has  zero  reactance  and  constant  resistance,  this 
rotor  e.m.f.  necessary  to  produce  the  rotor  current  is  directly 
proportional  to  the  current  and  therefore  to  the  torque  that 
must  be  developed  (the  other  factor  of  torque,  namely, 
flux,  being  constant).  Under  these  ideal  conditions  the  slip 
increases  uniformly  with  torque  from  a  value  of  zero  at  the 
theoretical  zero  load  (no  opposition  whatever,  either  external 
or  internal,  to  the  movement  of  the  rotor),  to  a  value  of  100 
per  cent  when  the  motor  is  "stalled"  or  meets  such  opposi- 
tion that  it  comes  to  a  standstill.    Thus,  as  shown  by  curve  A 


Torqae 

Fig.  256.  Curve  A  shows  the  relation  of  the  speed  to  the  torque  of 
an  induction  motor  with  no  stator  resistance,  an  ideal  case.  Curve 
B  shows  the  relation  of  speed  to  the  torque  of  an  induction  motor 
the  stator  of  which  hsa  resistance;  this  resistance  causes  the  ^eed 
to  fall  at  an  increasing  rate.    WesHnghouae  Electric  and  Mfg,  Co, 

in  Fig.  256,  the  speed  drops  correspondingly  and  uniformly 
with  increase  of  (internal  or  driving)  torque,  from  synchro- 
nous speed  to  zero. 

The  actual  speed-torque  curve  departs  from  this  ideal 
straight-line  relation,  slightly  at  light  loads  but  very  greatly 
at  heavy  overloads  on  the  motor.  There  are  several  causes 
for  this  behavior.  Considering  them  in  order  as  we  meet 
them  in  following  the  input  through  the  motor,  we  come 
first  to  the  effect  of  resistance  of  the  primary  windings. 
This  primary  resistance  causes  the  counter  e.m.f.  to  be  less 
than  the  (constant)  impressed  e.m.f.  by  an  increasing  amount 
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(equal  to  the  Iri  drop,  /  increasing  with  load) .  Consequently 
the  flux  decreases  and  there  must  be  a  twofold  increase  of 
slip,  for  we  have  not  merely  to  induce,  by  means  of  the  de- 
creased flux,  the  same  current  as  formerly  for  a  given  torque, 
but  we  must  actually  produce  a  larger  current  to  act  on  the 
weaker  flux  with  the  same  force  as  formerly.  Thus,  con- 
sidering only  the  effect  of  stator  resistance,  the  speed-torque 
curve  would  become  like  B  in  Fig.  256,  departing  from  curve 
A  at  an  ever-increasing  rate  as  the  torque  grows,  and  thus 
becoming  curved  downward. 

The  effect  of  magnetic  leakage  in  the  motor  is  far  more 
important  than  that  of  primary  resistance,  however.  On 
account  of  the  air-gap  in  the  path  of  the  useful  (mutual) 
flux,  the  reluctance  of  this  path  is  of  the  same  order  of 
magnitude  as  the  reluctance  of  the  leakage  paths  of  the 
local  fluxes,  which  link  with  primary  but  not  with  secondary, 
or  vice  versa.  On  account  of  the  primary  leakage,  the  mu- 
tual flux  which  induces  the  total  e.m.f.  in  the  rotor  is  re- 
duced further  than  indicated  by  curve  B  of  Fig.  256.  On 
account  of  secondary  leakage  (the  effect  of  which  is  like 
inductance  introduced  into  the  secondary  circuit,  as  ex- 
plained in  Art.  41  and  42  of  this  book)  a  considerable  and 
increasing  part  of  whatever  e.m.f.  may  be  induced  in  the 
rotor  is  used  up  in  overcoming  the  secondary  leakage  react- 
ance so  that  the  rotor  current  corresponding  to  a  given  slip 
is  reduced.  Thus,  the  slip  required  to  produce  a  given  rotor 
current  must  be  larger  than  if  the  secondary  circuits  had 
resistance  only  as  in  the  ideal  case  of  Fig.  256. 

Other  considerations  are  also  involved  with  the  magnetic 
leakage,  all  tending  to  the  same  effect  of  reducing  the  torque 
that  corresponds  to  a  given  slip.  The  reactance  of  the 
secondary  depends  directly  upon  frequency  of  secondary 
current  or  induced  e.m.f.  as  well  as  upon  leakage  inductance 
of  rotor.  The  reactance  of  the  rotor  is  therefore  directly 
proportional  to  the  slip;  the  secondary  impedance  increases, 
and  the  rotor  current  corresponding  to  a  given  per  cent 
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slip  decreases,  on  this  account.  Moreover,  the  increase  of 
secondary  reactance  with  load  and  slip  lowers  the  second- 
ary power-factor  and  brings  the  rotor  currents  or  poles  into 
a  position  relative  to  the  stator  poles  which  is  less  favorable 
to  the  production  of  torque  (see  Fig.  243  and  244).  Finally, 
as  seen  from  Fig.  244,  the  increasing  lag  of  secondary  cur- 
rents (with  increasing  load,  slip  and  secondary  reactance) 
brings  the  rotor  poles  into  more  nearly  direct  opposition 
to  the  stator  poles,  which  tends  to  increase  the  magnetic 
leakage  still  further.  This  effect  is  not  unlike  the  armature 
reaction  in  a  direct-current  machine. 

The  combined  effect  of  all  these  influences  is  to  change  the 
speed-torque  relation  from  that  shown  by  curve  B  in  Fig.  256 


,« 

B"-^-^' 


TORQUE 


FiQ.  257.  Speed-torque  curves  for  a  polyphaae  induction  motor,  show- 
ing the  effect  of  magnetic  leakage.  Curves  a  and  6  same  as  in  Fig. 
256.  Curve  C  shows  the  combined  effect  of  resistance,  leakage  and 
secondary  reactance.    The  Weaiinghovse  Electric  and  Mfg.  Co, 

and  257  to  that  shown  by  curve  C  in  Fig.  257.  The  most 
significant  feature  about  this  curve,  which  is  typical  of  a 
squirrel-cage  motor,  is  that  the  resisting  torque  or  load  can 
be  increased  up  to  a  certain  well-defined  maximum  value, 
but  if  it  be  made  greater  than  this  the  speed  and  torque 
both  decrease  simultaneously  and  rapidly  and  the  motor 
comes  to  a  standstill.  This  point  of  maximum  load  is  calletl 
the  puU-out  torque  or  the  breakdown-point  At  standstill 
with  the  same  (full  rated)  voltage  applied,  the  torque  is 
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usually  considerably  less  than  this  maximum.  Thus,  in 
Table  I  we  observe  that  the  starting  torque  is  usually  about 
two-thirds  as  large  as  the  pull-out  torque,  both  being  meas- 
ured with  rated  voltage  applied  to  the  stator. 

100.  Performance  Curves  of  Induction  Motor.  When 
we  load  a  motor,  the  "independent  variable"  which  we  con- 
trol and  upon  which  all  other  factors  depend,  is  the  torque; 
that  is,  we  increase  the  resisting  torque.  It  is  most  logical, 
therefore,  to  consider  all  other  variable  factors  with  relation 
to  the  torque  that  the  motor  develops.  Some  writers  prefer 
to  use  horse-power  output  as  abscissas  for  their  performance 
curves,  but  such  curves  are  more  difficult  to  reason  about 
because  the  horse  power  depends  upon  speed  as  well  as  torque, 
and  speed  varies  with  torque.  In  any  case,  the  persons  who 
must  buy  the  motor,  use  its  service,  or  supply  it  with  elec- 
trical power,  are  interested  in  the  power-factor,  the  speed, 
the  efficiency  of  the  motor,  and  the  manner  in  which  these 
quantities  vary  with  the  load  whether  it  be  measured  by 
torque  or  power  output. 

Thus,  Fig.  258  shows  the  relation  of  speed  (curve  A), 
power-factor  (curve  C)  and  efficiency  (curve  B)  to  the  useful 
torque  delivered  at  the  pulley,  for  a  three-phase,  25-horse- 
power,  60-cycle,  675-r.p.m.  induction  motor  manufactured 
by  the  Wagner  Elect.  Mfg.  Co.  The  motor  has  a  wound 
rotor,  but  curve  A  shows  the  speed  variations  when  the  rotor 
is  completely  short-circuited  or  operated  with  zero  external 
resistance.  Curves  1,  2,  3,  .  .  .  ,  8  represent  the  speed- 
torque  relations  for  this  motor  when  various  amounts  of 
resistance  are  inserted  in  series  with  the  rotor  windings, 
curve  1  corresponding  to  a  much  larger  amount  of  resistance 
than  curve  8.    More  will  be  said  of  these  curves  later. 

At  zero  load  or  zero  torque  the  only  current  flowing  to 
the  stator  from  the  line  is  the  exciting  current,  there  being 
practically  no  rotor  current  and  therefore  no  load  component 
of  stator  current.  The  zero-load  power-factor  of  the  motor 
depends  therefore  upon  the  relation  of  power  (core-loss) 
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component  to  magnetizing  component  of  this  exciting  cur- 
rent. Now,  on  account  of  the  air  gap  in  the  magnetic  cir- 
cuit of  the  motor,  the  magnetizing  component  of  the  exciting 
current  is  relatively  very  much  larger  than  in  the  ordinary 
transformer  which  has  an  all-iron  magnetic  circuit.  Con- 
sequently, the  miming  current  of  the  motor  at  zero  load  has 
usually  a  low  power-factor;  this  is  to  be  clearly  distinguished, 
however,  from  the  power-factor  of  the  starting  current  which 
depends  principally  upon  the  design  of  the  rotor  as  already 
explained. 

When  the  motor  is  running  at  or  about  normal  full  load^ 
the  current  input  consists  mainly  of  load-component,  and 
the  (constant)  exciting  component  has  become  relatively 
insignificant.  The  power-factor  of  the  motor  will  now  be 
nearly  equal  to  the  power-factor  of  the  rotor  current,  which 
depends  upon  the  ratio  of  rotor  reactance  to  rotor  resistance. 
The  rotor  reactance  is  relatively  small  because  the  value  of 
slip  and  rotor  frequency  are  low.  When  the  motor  becomes 
heavily  overloaded,  however,  the  corresponding  large  value 
of  slip  and  rotor  frequency  make  the  rotor  reactance  large 
in  comparison  with  rotor  resistance;  the  result  is  that  the 
power-factor  of  secondary  current  becomes  lower  and  there- 
fore the  power-factor  of  stator  current  also  becomes  smaller. 
This  is  as  shown  by  the  curve  C  in  Fig.  258.  . 

When  the  motor  overcomes  no  resistmg  torque,  the  power 
output  is  zero  regardless  of  speed;  and  as  there  is  an  input 
equal  to  the  total  losses,  the  efficiency  of  the  motor  is  zero. 
As  the  load  increases  the  current  increases,  and  the  PR 
losses  in  rotor  and  in  stator  both  increase  in  proportion  to  the 
square  of  the  current.  The  friction  and  core  losses  are 
approximately  constant  (variations  due  to  change  of  speed 
and  to  flux  density  in  iron  being  slight  as  long  as  the  im- 
pressed voltage  and  frequency  are  maintained  constant, 
as  usual).  The  efficiency  will  rise  until  it  reaches  a  maxi- 
mum value  when  the  total  variable  losses  {PR  in  rotor  and 
stator)  become  equal  to  the  total  constant  losses  (due  to 
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friction,  hysteresis  and  eddy  currents^.  At  greater  loads 
than  this,  the  efficiency  becomes  lower  again  on  account  of 
the  very  rapid  increase  of  PR  losses  at  the  large  values  of  /. 
By  properly  proportioning  the  parts  of  the  motor,  the 
designer  usually  makes  the  maximum  efficiency  occur  at 
the  load  which  the  motor  must  carry  most  of  the  time.  If 
the  load  is  fairly  steady,  this  would  naturally  be  the  "full 
load''  for  which  the  motor  is  rated  and  selected.  But  if 
the  load  is  fluctuating,  and  particularly  if  the  requirement  of 
heavy  starting  torque  compels  the  selection  of  a  motor  so 
large  that  the  average  load  is  considerably  less  than  the  rated 
"full  load"  (which  it  can  carry  without  overheating),  then 
the  maximum  efficiency  may  be  caused  to  come  at  less  than 
full  load  (as  in  Fig.  258)  in  order  to  produce  a  higher  all- 
day  efficiency.* 

Table  II  presents  in  condensed  form  the  relations  of  effi- 
ciency and  power-factor  to  power  output  for  a  complete  line 
of  medium-sized  motors  of  the  squirrel-cage  type,  at  two 
different  standard  speeds.  The  motors  are  all  designed  for  a 
frequency  of  60  cycles  per  second,  and  are  supposed  to  be 
operated  at  this  frequency  and  at  the  voltage  for  which 
they  are  designed.  It  makes  practically  no  difference  in 
the  operating  characteristics  whether  the  windings  are 
arranged  for  two-phase  or  for  three-phase,  and  practically 
no  difference  whether  the  voltage  is  220  or  2300. 

Notice  from  Table  II  the  following  general  relations: 

Fir%L  The  efficiency  curves  are  very  nearly  flat  from  half- 
load  up  to  or  beyond  25  per  cent  overload. 

Second.  The  power-factor  curves  are  far  from  flat.  Even 
at  f  load  the  power-factors  are  decidedly  less  than  at  full  load 
and  the  power-factor  in  general  becomes  very  poor  below 
half-load. 

Third,  For  a  given  size  (horse  power)  of  motor,  the  effi- 
ciency curve  is  practically  the  same  for  the  high-speed  motor 
as  for  the  lownspeed  motor.    However,  the  power-factor  is 

*  See  Art.  4  and  38  of  this  volume. 
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decidedly  higher  in  the  high-speed  motor  than  in  the  low- 
speed  motor. 

Fourth,  For  a  given  speed,  the  larger  sizes  of  motor  have 
the  higher  efficiencies  and  also  the  higher  power-factors. 

Such  conclusions  from  Table  II  may  be  turned  to  practical 
advantage.  Thus,  it  appears  that  we  should  be  very  care- 
ful not  to  "over-motor"  the  loads  —  that  is,  not  to  select 
a  motor  larger  than  is  actually  required  to  carry  the  load. 
For,  if  the  motor  is  too  large  it  operates  at  only  a  fraction 
of  its  full  load,  and  the  power-factor  and  efficiency  are  much 
lower  than  might  be  if  the  motor  were  more  closely  adapted 
to  its  task.  This  is  perhaps  the  most  common  fault  in  ap- 
plications of  induction  motors.  The  tendency  is  very  natural 
to  "play  safe"  when  we  do  not  know  exactly  the  amount  of 
power  necessary  to  drive  a  given  machine,  and  to  install  a 
motor  which  is  much  too  large.  A  large  aniount  of  informa- 
tion is  now  available  in  all  electrical  handbooks  concerning 
the  amount  of  power  necessary  to  drive  various  machinery. 
If  this  is  not  sufficient,  the  manufacturer  should  be  appealed 
to,  or  the  power  required  should  be  measured  by  a  trial  motor 
before  making  a  permanent  selection  of  motor. 

In  many  cases  where  installations  have  been  remodeled 
so  as  to  group  a  number  of  machines  on  one  motor  no  larger 
than  was  previously  used  to  drive  each  of  the  machines 
separately,  or  where  large  motors  have  been  replaced  by 
smaller  ones  on  individual  drives,  the  result  has  been  to 
produce  higher  power-factor,  better  voltage  regulation  of 
the  distributing  lines,  reduction  of  generating  capacity  used 
or  more  generating  capacity  released  for  other  purposes,  and 
higher  efficiencies  for  all  parts  of  the  system  including 
motors,  lines  and  generators. 

Furthermore,  it  is  evident  from  Table  II  that  we  improve 
the  power-factor  by  selecting  a  higher  speed  motor  of  the 
same  size  to  carry  the  same  load,  while  we  alter  the  efficiency 
neither  appreciably  nor  necessarily.  Taken  in  conjunction 
with  the  fact  that  a  higher  speed  motor  is  smaller,  lighter 
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and  less  expensive  for  the  same  rated  horse  power,  this  signi- 
fies that  a  considerable  improvement  both  in  economy  and 
in  quality  of  service  may  be  had  by  choosing  the  higher  speed 
motors,  particularly  in  locations  where  the  machines  to  be 
driven  require  high  speed,  which  would  have  to  be  obtained 
by  gearing  or  belting  if  low-speed  motors  were  selected. 

Prob.  48-7.  The  motor  of  Fig.  258  being  rated  25-h.p.,  675-r.p.m., 
60-cycle8,  three-phase,  and  being  wound  with  8  poles  for  250  volts, 
calculate  the  following: 

(a)  Pound-feet  useful  torque  at  rated  load  and  speed. 

(6)  Synchronous  speed,  in  r.p.m. 

(c)  SUp,  in  per  cent,  at  rated  load  torque  (curve  8) . 

id)  Slip,  in  per  cent,  at  rated  load  torque,  without  controller 
(curve  A). 

Prob.  44-7.  From  data  of  the  curves  A,  8,0^  for  the  motor  of 
Fig.  258,  and  Prob.  43,  calculate: 

(a)  Watts  input  at  rated  load  torque. 

(b)  Volt-amperes  input  at  rated  load. 

(c)  Amperes  input  per  line  wire  at  rated  load. 

(d)  Equivalent  single-phase  current  at  rated  load. 

(e)  Horse-power  output  at  rated  torque  without  controller 
(curve  A). 

Prob.  45-7.  From  the  curves  of  efficiency,  power-factor  and 
speed  (curve  A)  for  the  motor  of  Fig.  258,  calculate  the  current 
per  line  wire  at  \,  i,  f ,  1,  li,  1^  and  2  times  full-load  torque,  and 
draw  the  current-torque  curve  to  scale.  Discuss  the  form  of  this 
curve. 

Prob.  46-7.  Replot  the  curves  of  efficiency,  power-factor  and 
speed  (curve  A)  of  Fig.  258,  on  a  basis  of  horse-power  output  as 
abscissas.  Compare  these  with  the  corresponding  curves  of  Fig. 
258. 

Prob.  47-7.  If  the  maximum  torque  at  standstill  is  obtained 
when  secondary  resistance  equals  secondary  reactance,  and  if 
secondary  reactance  varies  in  direct  proportion  to  the  slip,  calculate 
from  the  data  of  curve  8,  Fig.  258,  what  should  be  the  power-factor 
of  the  rotor  ciurents  (or  of  the  load  component  of  primary  or  stator 
currents)  at  rated  load  with  speed  of  675  r.p.m.  Compare  this 
value  with  that  observed  from  the  power-factor  curve  of  Fig.  258. 

Prob.  48-7.  From  the  data  in  curves  of  Fig.  258,  calculate  the 
total  watts  lost  in  the  motor  at  ^,  ^,  f ,  1,  l)  and  2  times  rated- 
load  torque.    Draw  a  ciuve  with  torque  as  abscissas  and  total  losses 
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as  ordinates.  Extend  this  curve  until  it  cuts  the  vertical  axis 
and  from  the  intercept  thereon  measure  the  power  input  at  zero 
torque.  Should  this  be  equal  to  stator  core  losses  and  friction 
losses  of  the  motor,  approximately? 

Prob.  49-7.  By  means  of  data  from  curves  A,  B^  oi  Fig.  258 
corresponding  to  the  torque  at  which  the  efficiency  is  mn-yiTpuiyi, 
calculate  the  value,  in  watts,  of 

(a)  The  constant  losses,  namely  core  losses  and  friction. 

(&)  The  variable  losses,  namely  copper  losses  in  stator  and  rotor. 
Note  whether  the  value  (a)  equaJs  the  answer  found  in  Prob.  48. 

Prob.  5<^7.  From  the  cmrent-torque  curve  of  Prob.  45  deter- 
mine the  current  at  325  pound-feet  torque  as  a  percentage  of  rated- 
load  current.  Assuming  the  variable  losses  to  be  proportional  to 
the  square  of  the  stator  current,  calculate  from  this  percentage  and 
from  the  results  of  Prob.  49  what  the  variable  losses  should  be  at 
325  pound-feet  of  torque. 

Prob.  61-7.  From  the  results  of  Prob.  49  and  50,  calculate  the 
efficiency  corresponding  to  325  pound-feet  of  torque,  and  compare 
with  the  value  given  on  the  efficiency-torque  curve  of  Fig.  258. 

Prob.  52-7.  Solve  Prob.  50  and  51  with  respect  to  a  torque  of 
200  pound-feet. 

Prob.  6ft-7.  How  many  kilowatts  and  kv-a.  of  generator  ca- 
pacity would  be  saved  or  lost  by  grouping  together  upon  a  single 
5-h.p.  1140-r.p.m.  motor  (Table  II),  five  machines  each  of  which 
was  formerly  driven  by  a  1-h.p.  1140-r.p.m.  motor  delivering  full 
rated  load?  Assume  that  the  losses  in  the  shafting  introduced  by 
the  group  drive  amount  to  25  per  cent  of  the  useful  power 
output  of  the  shaft,  and  that  the  load  on  all  machines  is  perfectly 
steady. 

Prob.  64-7.  Assume  that  the  work  performed  by  the  five 
machines  of  Prob.  53  is  such  that  only  two  of  them  are  working 
(at  full  load,  requiring  1  h.p.  for  each  machine)  "t  any  time.  What 
size  motor  would  be  needed  for  group  drive,  and  how  much  more 
or  less  of  kilowatt  and  kilovolt-ampere  generator  capacity  would 
be  required  for  group  drive  than  for  individual  drive,  assuming  horse- 
power loss  in  shafting  same  as  in  Prob.  53? 

101.  Effect  of  Rotor  Resistance  on  Perfonnance  of 
Induction  Motor.  We  have  already  seen  (Art.  97  and  98) 
what  effects  are  produced  upon  the  current,  power-factor 
and  torque  of  the  polyphase  motor  at  starting,  by  increasing 
the  resistance  of  the  rotor  circuit,  or  by  increasing  the  ratio 
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of  resistance  to  reactance  of  the  rotor  in  designing  the  motor. 
Such  changes  or  adjustments  also  affect  the  operating  char- 
acteristics of  the  motor  —  particularly  the  speed-torque 
and  the  efficiency-torque  curves,  and  furnish  the  most 
convenient  means  for  controlling  the  speed  of  an  induction 
motor. 

Thus,  in  Fig.  258  we  see  that  the  insertion  of  a  certain 
amount  of  resistance  in  circuit  with  a  given  rotor  changes 
the  speed-torque  relation  from  curve  A  to  curve  8,  giving  the 
maximum  torque  at  standstill  or  at  starting  instead  of  at 
67  per  cent  of  synchronous  speed  (or,  giving  a  starting 
torque  of  400  pound-feet  instead  of  256  pound-feet,  with 
full  rated  voltage  applied  to  the  stator  in  both  cases).  The 
insertion  of  still  more  resistance  in  the  rotor  circuit  changes 
the  speed-torque  relation  as  shown  by  curves  8,  7,  .  .  .  ,  2, 
1  successively. 
From  these  curves  of  Fig.  258  we  read  that: 
First.  If  the  rotor  resistance  is  increased  so  as  to  give 
maximum  torque  (of  400  pound-feet)  at  standstill  or  at 
starting  (curve  8),  then  the  speed  regulation  obtained,  when 
the  torque  is  reduced  from  normal  full-load  value  to  zero,  is 

^ —  or  33i  per  cent.  -      ' 

Second.  If  the  rotor  resistance  is  still  further  increased, 
so  as  to  give  slightly  more  than  full-load  torque  (232  pound- 
feet)  at  starting  (curve  4),  then  the  speed  regulation  from  full- 
load  torque  (194  pound-feet)  to  zero  is  ^Tr^r —    or  350 

per  cent. 

Third.  With  the  motor  working  against  full-load  torque, 
we  can  obtain  reduced  speeds  of  0  r.p.m.  (curves  3,  2  or  1), 
200  r.p.m.  (curve  4),  360  r.p.m.  (curve  5),  510  r.p.m.  (curve 
6),  600  r.p.m.  (curve  7),  or  675  r.p.m.  (curve  8),  with  the 
steps  of  resistance  provided  in  this  particular  controller.  At 
half-load  torque  we  could  obtain  two  additional  speeds  by 
use  of  steps  No.  2  and  No.  3  on  the  controller. 
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Fourth.  If  the  motor  has  to  start  against  a  torque  equal 
to  that  at  normal  full  load,  the  rotor  would  not  begin  to 
move  until  the  controller  had  been  turned  to  point  No.  4 
after  passing  points  1, 2,  3.  On  point  4  there  would  be  torque 
of  232  —  194  =  38  pound-feet  available  for  accelerating 
the  motor.  The  speed  will  increase  until  it  reaches  about 
200  r.p.m.,  at  which  point  the  torque  is  reduced  to  the  value 
iigainst  which  the  motor  is  turning  and  the  motor  turns 
steadily  because  there  is  no  torque  available  for  acceleration. 
If  now  we  turn  the  controller  to  point  No.  5,  the  torque  at 
200  r.p.m.  hnmediately  increases  to  about  235  pound-feet 
(on  curve  5);  we  now  have  235  —  194  =  41  pound-feet  of 
torque  available  for  acceleration,  and  the  speed  increases 
as  far  as  360  r.p.m.,  where  the  motor  will  continue  to  turn 
steadily  unless  we  proceed  to  point  6  on  the  controller. 

The  greater  the  opposing  torque  against  which  the  motor 
must  start,  the  further  must  we  turn  the  controller  before 
the  rotor  will  move.  The  more  rapidly  we  desire  the  motor 
to  pick  up  speed,  the  faster  must  we  move  the  controller  in 
the  direction  of  lower  resistance.  We  must  realize,  however, 
that  in  either  of  these  cases  the  current  taken  from  the  line 
during  acceleration  is  correspondingly  increased. 

The  effect  of  secondary  resistance  upon  speed  Is  further 
illustrated  by  Fig.  259.  For  curve  6  the  total  resistance  per 
rotor  circuit  is  twice  as  large  as  for  curve  a.  Having  doubled 
r2,  let  us  adjust  the  torque  until  the  slip  has  also  been  doubled. 
Then,  the  induced  e.m.f.  in  the  rotor  is  also  doubled  (assum- 
ing, for  the  moment,  that  the  mutual  flux  remains  unchanged). 
Also,  the  reactance  of  the  rotor,  which  is  directly  proportional 
to  secondary  frequency,  or  slip,  is  also  doubled.  In  conse- 
quence, the  ratio  of  secondary  reactance  to  secondary  resist- 
ance is  not  altered,  and  the  power-factor  remains  unchanged; 
but  the  secondary  impedance  has  been  doubled  because  both 
resistance  and  reactance  of  rotor  have  been  doubled.  With 
doubled  impedance  opposing  the  doubled  rotor  induced 
e.m.f.,  the  rotor  amperes  will  obviously  have  the  same  value 
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Fio.  259.  S|)eed-torquc  and  current-torque  curve  for  a  |>olyphase  in- 
duction motor  with  various  values  of  secondary  resistance.  The 
Westinghouse  Electric  and  Mfg.  Co. 
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as  formerly.  If  the  rotor  poles  have  the  same  strength 
(same  rotor  current)  and  the  same  position  relative  to  the 
stator  poles  (same  rotor  power-factor),  we  see  that  we  were 
justified  in  assuming  the  mutual  flux  to  remain  unchanged. 
With  unchanged  stator  flux  and  unchanged  rotor  poles,  we 
see  also  that  the  torque  must  be  the  same  as  before. 

Speaking  in  general  terms,  therefore,  we  may  say  that  if 
the  total  resistance  of  each  rotor  circuit  is  increased  7t-fold, 
then  the  same  torque  will  be  produced  with  the  same  current 
supplied  to  the  motor  but  at  an  n-fold  increased  slip.  The 
()Ower  input  is  unchanged  if  the  motor  takes  the  same  ciurrent 
at  the  same  voltage  and  power-factor.  The  power  output  is 
reduced  in  exact  proportion  to  the  slip  or  to  the  reduction 
of  rotor  speed,  because  the  torque  (the  other  factor  of  mechan- 
ical power  developed  in  rotor)  is  unchanged.  Therefore,  the 
percentage  efficiency  corresponding  to  the  same  torque  is  re- 
duced in  direct  proportion  to  the  speed,  by  any  increase  of  re- 
sistance in  the  rotor  circuits.  We  see,  further,  that  if  the 
resistance  of  each  rotor  circuit  is  increased  n-f  old  while  the  cur- 
rent remains  the  same  (with  n-fold  increase  of  slip)  then  the 
total  PR  loss  in  the  rotor  winding  must  be  increased  w-fold. 

Beferring  again  to  Fig.  259,  we  see  that  for  any  given 
value  of  torque,  say  T  pound-feet,  curve  6  shows  the  motor 
to  be  twice  as  far  below  synchronous  speed  as  curve  a; 
that  is,  the  slip  corresponding  to  any  given  value  of  torque 
is  doubled  when  we  double  the  rotor  resistance.  Similarly, 
comparing  curve  c  with  curve  a,  we  see  that  the  slip  corre- 
sponding to  a  given  torque  is  quadrupled  if  we  make  the 
rotor  resistance  four  times  as  large;  curves  d  and  a  show  that 
the  slip  is  increased  8-fold  when  we  increase  the  rotor  resist- 
ance 8-fold,  and  so  forth. 

The  current  curve  A  (Fig.  259)  is  the  same  for  all  speed- 
torque  curves  (a,  6,  c,  etc.),  as  long  as  the  voltage  and  fre- 
quency impressed  on  the  motor  are  maintained  constant. 
This  accords  with  our  previous  finding,  that  the  current  and 
power-factor  remain  unchanged  if  the  torque  is  constant. 
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although  the  speed  may  have  any  value  between  zero  and 
synchronous  speed  depending  upon  the  amount  of  resistance 
in  the  rotor  circuits.  The  current  OB  which  the  stator  takes 
when  no  torque  is  being  developed  is  the  exciting  current. 
After  the  breakdown  point  or  point  of  maximum  torque  is 
passed,  we  see  that  the  current  continues  to  increase  although 
the  torque  is  decreasing.  The  intercepts  of  the  current  curve 
upon  the  vertical  straight  lines  of  Fig.  259  measure  the 
"  stalling  current "  which  the  motor  takes  at  standstill  with 
full  voltage  applied  and  various  amounts  of  resistance  in  the 
rotor  circuit. 

We  see  also  from  Fig.  259  that  increase  of  rotor  resistance 
does  not  reduce  or  alter  the  pull-out  point  or  the  maximum 
value  of  torque  which  the  motor  can  produce  for  a  given 
voltage  applied.  The  vertical  lines  have  been  drawn  in 
Fig.  259  to  point  out  an  important  fact;  namely ,  that  the 
lowest  values  of  rotor  resistance  give  a  relatively  small  torque 
at  standstill  but  nevertheless  cause  the  largest  starting 
currents  to  be  taken  at  given  (constant)  voltage;  and  that 
the  starting  torque  may  be  increased  while  the  starting 
current  is  reduced,  by  increasing  the  rotor  resistance  up  to  a 
certain  point  (corresponding  to  curve  d),  but  that  if  lai^r 
rotor  resistance  than  this  be  employed,  the  starting  torque 
is  reduced  as  also  the  starting  current  (shown  by  curve  e). 
The  extension  of  the  speed-torque  curves  below  the  hori- 
zontal axis  OT  indicates  what  values  of  torque  would  be  en- 
countered by  an  external  source  of  mechanical  power  when 
used  to  drive  the  rotor  in  a  direction  opposite  to  that  of  the 
rotating  flux  (that  is,  produce  negative  speeds),  while  the 
stator  remains  connected  to  the  alternating-current  supply. 

To  assist  the  student  in  reading  the  ordinary  literature 
of  the  induction  motor,  it  were  well  for  us  to  explain  that 
the  torque  is  often  expressed  in  terms  of  "synchronous 
watts"  instead  of  "pound-feet."  To  explain  the  relation 
between  these  terms,  let  us  take  for  example  a  machine 
which  develops  a  torque  of  100  pound-feet  at  1000  r.p.m« 
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and  whoee  83aichronou8  speed  is  1200  r.p.m.  This  torque 
is  equal  to  that  produced  by  a  pull  of  100  pounds  along  a 
belt  wrapped  around  a  pulley  of  1-ft.  radius  or  2-ft.  diam- 
eter. The  work  done  by  such  a  force  in  turning  the  pulley 
through  1  revolution  is  2  ttF  =  6.28  X  1  ft.  X  100  lbs.  = 
628  foot-pounds  of  work  or  energy.  If  the  motor  were  to 
exert  this  same  torque  while  turning  at  synchronous  speed 
(1200  r.p.m.),  the  mechanical  power  generated  would  be 

753  600 
628  X  1200  =  763,600  foot-pounds  per  minute,  or  ^' 

=  22.8  horse  power,  or  22.8  X  746  =  17,020  watts.  This  is 
the  so-called  ^'synchronous  watts,"  meaning  the  mechanical 
power  (expressed  in  watts)  which  the  machine  would  develop 
if  it  were  to  turn  at  S3mchronous  speed  while  exerting  the 
same  torque. 

As  power  is  directly  proportional  to  both  torque  and  speed, 
"  synchronous  watts  '*  is  equal  to  the  produqt  of  synchronous 
speed  (r.p.m.)  and  torque  (pound-feet)  multiplied  by  a 
constant  (K)  whose  value  is  determined  as  follows: 

Synchronous  watts  =  r.p.m.  X  pound-feet  X  K, 

17,020  =  1200  X  100  X  i?, 
^^      17,020 
1200  X  100 
=  0.142. 

That  is,  we  multiply  the  torque  in  pound-feet  by  the  syn- 
chronous speed  in  r.p.m.  and  by  the  constant  0.142  to  get  the 
torque  in  synchronous  watts.  This  quantity  is  useful  in 
analyzing  the  losses  in  the  induction  motor  and,  like  the 
method  of  expressing  resistance  and  impedance  of  trans- 
formers and  generators  in  terms  of  per  cent,  it  enables  us 
more  readily  to  compare  the  performance  of  machines  of 
various  sizes  and  speeds. 

Pfob.  65-7.  Calculate  the  percentage  speed  regulation  of  the 
motor  (rated-load  torque  to  zero)  corresponding  to  each  of  the 
speed-torque  curves  given  in  Fig.  258,  and  draw  from  these  results 
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a  curve  liaving  as  abscissas  the  starting  torque  (as  per  cent  of  rated- 
ioad  torque)  and  as  ordinates  the  per  cent  speed  regulation  corre- 
sponding to  the  rotor  resistances  which  give  these  values  of  starting 
torque. 

Prob.  6&-7.  What  values  of  torque,  expressed  as  percentages 
of  rated-load  torque,  may  be  obtained  from  the  motor  of  Fig.  258 
operating  at  a  speed  of  500  r.p.m.,  by  means  of  the  particular 
controller  to  which  these  speed-torque  curves  refer? 

Prob.  67-7.  What  values  of  speed,  expressed  as  per  cent  of 
synchronous  speed  or  zero-load  speed,  may  be  obtained  from  the 
motor  of  Fig.  258  operating  at  half  of  rated-load  torque,  by  means 
of  the  particular  controller  to  which  these  speed-torque  curves 
refer? 

Prob.  68-7.  Using  data  from  Fig.  259,  draw  a  starting  charac- 
teristic for  wound-rotor  motor  at  constant  voltage  and  frequency 
having  as  abscissas  starting  torque  and  as  ordinates  the  corre- 
sponding currents  taken  by  the  stator  at  starting  (zero  speed). 
Then,  from  data  of  Fig.  254,  obtain  a  similar  curve  showing  rela- 
tion of  current  to -torque,  when  starting  at  full  voltage  but  with 
various  values  of  rotor  resistance.  Compare  the  fonns  of  these 
two  curves. 

Prob.  6^7.  In  Fig.  259,  assume  that  the  controller,  by  means 
of  which  the  amount  of  resistance  in  rotor  circuits  is  adjusted,  has 
only  five  running  points  corresponding  to  the  speed-torque  curves 
a,  &,  c,  d,  6.  The  first  point  on  the  controller  corresponds  to  curve 
e,  this  being  the  maximum  resistance  available  after  closing  the 
rotor  circuit.  If  the  motor  starts  against  a  torque  equal  to  rated- 
load  torque  represented  by  the  vertical  line  T,  draw  a  curve  having 
speed  as  abscissas  and  current  as  ordinates.  The  motor  is  aUowed 
to  reach  steady  speed  on  each  controller  point  before  being  advanced 
to  the  next  point. 

Prob.  60-7.  From  the  data  of  Fig.  258,  calculate  what  must 
be  the  ratio  between  the  total  rotor  circuit  resistances  corresponding 
to  speed-torque  curves  8,  7,  6,  5,  4,  3,  2,  1,  respectively. 

Prob.  61-7.  If  the  curve  A  in  Fig.  258  represents  the  speed- 
torque  relation  with  the  rotor  terminals  short-circuited  (that  is, 
only  the  inherent  resistance  of  rotor  windings  being  present  in  rotor 
circuit),  calculate  the  ratio  between  resistances  external  and  in- 
ternal to  the  rotor,  corresponding  to  speed-torque  curves  8,  7,  6,  5, 
4,  3,  2,  1,  respectively,  in  Fig.  258. 
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Prob.  62-7.  From  the  data  of  Fig.  258  calculate  the  starting 
torque  in  tenns  of  synchronous  watts,  corresponding  to  each  of  the 
eight  controller  points,  and  also  to  the  ^'inherent  speed-torque 
characteristic"  with  rotor  short-circuited. 

102.  Effect  of  Air  Gap  on  Operating  Characteristics. 

Changing  the  length  of  air-gap  in  an  induction  motor,  other 
things  being  equal,  affects  all  the  operating  characteristics 
of  the  motor,  but  principally  the  relation  of  current,  power- 
factor  and  eflSciency  to  the  torque  or  the  horse-power  out- 
put. With  constant  voltage  and  frequency  impressed  upon 
the  stator,  the  counter  e.m.f.  and  the  amount  of  flux  must 
remain  approximately,  constant;  therefore,  the  core  losses 
(watts)  and  the  core-loss  component  of  the  excitmg  current 
must  both  be  nearly  constant  for  variations  of  air-gap  length 
as  well  as  for  variations  of  load. 

However,  if  we  double  the  length  of  air  gap  we  very  nearly 
double  the  total  reluctance  of  each  magnetic  circuit  in  the 
motor,  because  most  of  the  reluctance  in  the  magnetic  cir- 
cuits is  due  to  the  air  gap.  To  produce  the  same  flux  against 
a  doubled  reluctance  requires  that  the  magnetizing  ampere- 
turns  be  doubled;  that  is,  the  magnetizing  component  of 
the  exciting  current  must  be  doubled.  Suppose  that  origi- 
nally the  exciting  current  was  3  amperes  at  20  per  cent  power- 
factor.  Its  core-loss  component  was  therefore  0.2  X  3  = 
0.6  ampere,  and  its'  magnetizing  component  was  V3*  —  0.6^ 
=  2,94  amperes.  If  now  we  double  the  air  gap,  the  core- 
loss  component  remains  approximately  0.6  ampere  while  the 
magnetizing  component  increases  to  approximately  2  X 
2.94  =  5.88  amperes,  consequently  the  exciting  current  is 
now  V6.88*  +  0.6*  =  5.91  amperes.    The  zero-load  current 

5  91  —  3 

is  therefore  increased  by  — — 5 or  97  per  cent,  and  the 

o 

n  ft 

power-factor  at  zero  load  is  reduced  from  0.20  to  -^—r  or  0.102. 

The  magnitude  of  the  effect  of  changes  in  length  of  air 
gap  upon  the  current,  power-factor  and  efficiency  at  loads 
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greater  than  zero  will  depend  upon  the  design  of  the  motor  — 
for  instance,  upon  the  relation  of  exciting  current  and  power- 
factor  at  zero  load  to  total  current  and  power-factor  at  rated 
full  load,  with  normal  air  gap.  In  general,  the  current 
input  corresponding  to  any  given  percentage  of  rated  load 
will  be  increased,  the  power-factor  will  be  reduced,  the  elE- 
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Fio.  260.    The  effect  of  changing  the  air  gap  of  a  polyphase 

induction  motor.  , 

Curve  A,  —  standard  gap. 
Curve  B,  —  double  standard  gap. 
Curve  C,  —  three  times  standard  gap. 
Curve  D,  —  four  times  standard  gap. 

Fitzgerald  in  Proc,  N.EXA. 

ciency  will  be  lowered;  the  speed  and  the  pull-out  torque  will 
be  affected  to  the  least  extent  although  both  will  be  reduced. 
For  illustration,  Fig.  260  exhibits  the  relation  of  power- 
factor  to  load,  corresponding  to  several  different  lengths  of 
air  gap  for  the  same  motor;  the  air  gaps  represented  here 
are  in  the  ratio  l:2:3:4  =  il:B:C:D. 
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There  are  practical  aspects  of  great  importance  in  this 
matter  of  air  gap.  If  in  an  effort  to  raise  the  power-factor 
and  eflSciency,  or  lower  the  current,  the  air  gap  be  decreased 
too  far,  then  a  comparatively  slight  amount  of  wear  in  the 
bearings  will  cause  the  rotor  to  rub,  and  therefore  adjust- 
ments and  repairs  become  necessary  more  frequently. 
Typical  values  of  air  gap  are  from  0.02  t6  0.05  inch  in  motors 
of  about  5  to  30  horse  power,  and  750  to  1200  r.p.m.  Though 
small,  these  are  sufficient  for  all  ordinary  uses;  for  very  rough 
use,  in  steel  mills  for  instance,  gaps  as  high  as  0.10  inch  may 
be  employed  if,  as  usual  in  such  cases,  the  purchaser  con- 
siders continuity  of  service  to  be  very  much  more  important 
than  power-factor  or  efficiency.  In  any  case,  it  is  important 
that  trouble  from  rubbing  of  the  rotor  be  remedied  by  ad- 
justing or  changing  the  bearings  and  never  by  turning  down 
the  rotor  to  a  smaller  diameter,  because  the  latter  method 
brings  on  all  the  bad  effects  of  increased  air  gap. 

103.  Effect  of  Wrong  Voltage  or  Frequency  on  Operat- 
ing Characteristics.  If  the  voltage  impressed  on  the  stator 
be  reduced  for  any  cause,  while  the  frequency  remains  un- 
changed, the  torque  corresponding  to  any  given  percentage 
slip  will  be  reduced  in  proportion  to  the  square  of  the  voltage. 
The  reason  for  this  has  already  been  explained  in  relation  to 
the  starting  of  the  induction  motor.  (See  Art.  97  and  98, 
and  Fig.  265.)  Thus,  a  motor  which  gives  full-load  torque 
at  5  per  cent  slip  with  rated  voltage  applied  to  the  stator, 
will  give  (§)*  =  J  times  full-load  torque  at  the  same  slip 
or  speed,  if  the  voltage  be  reduced  one-half. 

It  follows  that,  if  the  resisting  torque  remains  constant 
while  the  impressed  voltage  is  reduced  to  half,  the  slip  must 
be  increased  and  the  speed  correspondingly  reduced.  In  fact, 
in  this  case  the  slip  would  be  increased  four-fold  when  the 
voltage  is  halved;  the  four-fold  slip  with  halved  flux  would 
induce  double  e.m.f .  in  rotor,  which  (neglecting  rotor  react- 
ance) would  produce  doubled  rotor  current,  and  this  doubled 
rotor  current  with  halved  stator  flux  would  produce  the  same 


484  ALTERNATING-CURRENT  ELECTRICITY 

torque  as  formerly.  The  effect,  of  doubled  rotor  reactance 
upon  rotor  current  and  upon  the  position  of  rotor  poles 
relative  to  stator  poles  will  be  such  as  to  cause  an  even 
greater  increase  of  slip  than  that  deduced  above. 

Any  reduction  of  frequency  affects  the  synchronous  speed 
of  a  given  motor  in  direct  and  exact  proportion.  If  the 
voltage  meanwhile  is  maintained  constant  as  by  a  voltage 
regulator,  the  amount  of  flux  is  increased  in  inverse  propor- 
tion to  the  frequency.  (See  Art.  37.)  This  would  not  only- 
increase  the  core  losses  and  the  operating  temperature  of 
the  motor  corresponding  to  a  given  load,  as  well  as  lower  the 
eflSciency,  but  would  reduce  the  speed  while  also  reducing 
the  per  cent  shp.  Supposing  that  we  halve  the  frequency 
with  constant  voltage,  we  may  reason  as  follows: 

First,    Half  frequency  at  same  voltage  means  double  flux. 

Second,  Double  flux  with  same  torque  means  half  rotor 
currents  (n^lecting  change  of  relative  position  of  rotor  and 
stator  poles  due  to  change  of  frequency  and  power-factor  in 
rotor). 

Third.  Half  rotor  currents  mean  half  rotor  induced  e.m.f . 
(neglecting  change  of  rotor  frequency  and  reactance  due  to 
shp). 

Fourth.  Half  rotor  e.m.f.,  with  double  flux,  means  that 
the  shp  in  terms  of  actual  rev.  per  min.  must  be  only  one- 
quarter  as  large  as  originally. 

Fifth.  One-quarter  as  many  r.p.m.  of  shp,  with  one-half 
as  many  r.p.m.  of  stator  flux,  means  that  the  per  cent  slip 
is  only  one-half  as  great  as  originally. 

As  the  frequency  of  rotor  e.m.f. 's  is  decreased,  we  may 
reason  that  the  effect  of  rotor  reactance  will  be  to  cause  the 
reduction  in  per  cent  slip  to  be  shghtly  greater  than  that 
deduced  above.  Since  the  slip  is  usually  relatively  small  at 
rated  load  and  frequency,  we  may  say  that  the  actual  rotor 
speed  is  reduced  to  a  value  sUghtly  more  than  half  its  former 
value  when  the  frequency  is  reduced  to  half.  Such  a  large 
change  of  frequency  is  not  likely  to  occur  in  any  motor  un- 
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less,  for  instance,  we  happen  to  attach  a  60-cycIe  motor  to  a 
25-cycle  circuit  having  the  same  voltage  for  which  the  motor 
is  rated;  in  that  case  the  excessive  core  losses  and  exciting 
current  would  soon  burn  out  the  motor,  so  that  this  is  not  to 
be  considered  as  an  operating  condition. 

By  reasoning  similar  to  the  example  explained  above,  we 
may  arrive  at  the  conclusion  that  if  the  voltage  is  raised  or 
lowered  in  proportion  as  the  frequency  varies,  the  per  cent 
slip  corresponding  to  a  given  torque  remains  unchanged; 
that  is,  with  constant  torque  we  get  exactly  half  speed  icorre- 
sponding  to  half  frequency,  or  we  get  0.9  of  the  original  speed 
if  we  reduce  both  the  frequency  and  voltage  to  0.9  of  their 
original  values.  There  is  not  much  difiference  between  the 
results  of  the  two  sets  of  assumptions;  roughly,  the  speed  of 
a  given  induction  motor  is  directly  proportional  to  the  fre- 
quency. 

It  may  also  be  shown  that  if  an  induction  motor  must 
operate  on  frequency  other  than  standard,  the  performance 
will  be  better  if  the  voltage  is  changed  in  proportion  to  the 
square  root  of  the  frequency.  Thus,  a  440-volt  60-cycle 
motor  operating  on  50  cycles  will  have  very  nearly  its  normal 
operating  characteristics  if  the  voltage  is  reduced  to  440  X 
V50/60  or  402  volts. 

Prob.  ftS-7.  From  the  "inherent  speed-torque  characteristic" 
of  Fig.  258,  draw  accurately  to  scale  a  curve  having  as  abscissas 
torque  (poimd-feet)  and  as  ordinates  slip  (r.p.m.).  From  this, 
calculate  another  slip-torque  curve  corresponding  to  an  impressed 
voltage  60  per  cent  of  rated  voltage.  Finally,  draw  the  inherent 
speed-torque  curve  for  60  per  cent  of  rated  voltage. 

Pxob.  64-7.  Repeat  the  work  of  Prob.  63  on  the  basis  of  the 
curve  8  of  Fig.  258,  thus  showing  the  speed-torque  relation  for  the 
same  motor  when  operated  on  last  step  of  controller  with  60  per 
cent  of  rated  voltage  impressed  upon  the  stator. 

Prob.  66-7.  (a)  A  440-volt  60-cycle  induction  motor  is  to  be 
operated  from  25-cycle  mains.  What  voltage  should  be  impressed 
upon  its  stator?  (&)  What  percentage  of  normal  flux  density  will 
be  obtained  under  the  altered  conditions? 
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104.  Speed  Control  of  Polyphase  Induction  Motor.    Any 

desired  speed  between  zero  and  synchronous  speed  naay  ho 
obtained  by  adjusting  the  amount  of  resistance  in  the  second- 
ary or  rotor  circuits.  This  method  of  speed  control  is  fully 
covered  in  Art.  101.  The  method  is  objectionable  in  the 
following  respects: 

First,  After  the  speed  has  been  adjusted  to  a  given  value 
at  a  given  load,  any  change  of  load  will  be  accompanied  by 
a  considerable  variation  of  speed.  That  is,  the  speed  regu- 
lation of  the  motor  will  be  poor;  the  further  from  synchro- 
nism the  speed  is  adjusted  by  means  of  rotor  resistance,  the 
worse  will  be  the  speed  regulation,  naturally. 

Second.  The  eflSciency  is  lowered  when  the  rotor  resist- 
ance is  increased  to  control  the  speed.  (This  relation  is  also 
covered  in  Art.  101.) 

This  method  of  control  is  therefore  not  suitable  for  ser- 
vice requiring  several  constant  speeds  with  varying  torque, 
such  as  the  driving  of  machine  tools.  It  is,  however,  very 
useful  where  constant  speeds  are  not  essential,  as  in  operating 
cranes,  hoists,  elevators  and  dredges,  and  also  for  service  where 
the  torque  remains  constant  at  each  speed,  as  in  driving 
fans,  blowers  and  centrifugal  pumps. 

Various  speeds  may  also  be  obtained  with  any  given  torque, 
by  changing  the  voltage  applied  to  the  stator  terminals  (by 
inserting  resistance  between  the  supply  lines  and  the  stator 
terminals,  which  has  the  same  disadvantages  as  the  method 
of  secondary  resistances  and  is  not  as  effective;  or  by  chang- 
ing from  one  tap  to  another  on  an  autotransformer).  In 
Art.  103  it  is  explained  how  variations  of  voltage  at  constant 
frequency  cause  variations  of  speed.  This  metfiod  is  not  in 
commercial  use,  however,  on  account  of  low  power-factor, 
low  efficiency,  and  poor  speed  regulation  obtained  when  the 
speed  is  controlled  over  an  appreciable  range  in  this  manner. 

Sometimes  the  stator  winding  is  arranged  so  that  when  the 
connections  are  changed  by  means  of  a  special  switch,  the 
number  of  poles  is  changed.    Thus,  if  the  number  of  poles 
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on  a  60-cycle  stator  is  changed  from  6  to  4,  the  synchronous 
speed  is  changed  correspondingly  from  1200  r.p.m.  to  1800 
r.p.m.  Although  the  operating  characteristics  are  main- 
tained excellently  at  the  changed  speed,  it  is  impracticable 
to  have  many  changes  of  speed  in  the  same  motor,  and  the 
scheme  does  not  meet  favor  on  account  of  its  complications. 

Next  to  the  method  of  varying  secondary  resistance,  the 
most  practicable  and  useful  method  is  the  connection  of  in- 
duction motors  "in  cascade,"  or  in  "concatenation."  The 
theory  of  this  method  has  already  been  hinted  at  in  Prob.  19 
of  this  chapter.  The  system  requires  two  motors,  and  they 
must  be  rigidly  coupled  together  by  gearing  or  belting  or 
by  being  mounted  on  the  same  shaft.  Furthermore,  at 
least  one  of  the  motors  must  have  a  wound  rotor  with  slip- 
rings  for  connecting  it  to  an  external  circuit.  The  stator  of 
motor  No.  1  is  connected  to  the  line,  and  the  terminals  of 
its  wound  rotor  are  connected  to  the  stator  of  motor  No.  2. 
Motor  No.  2  may  have  either  a  squirrel-cage  rotor  or  a 
wound  rotor;  in  the  latter  case  rotor  resistances  may  be 
used  to  obtain  intermediate  speeds  between  the  otherwise 
abrupt  steps  obtainable  simply  by  the  cascade  connection. 

With  concatenated  motors  as  described  above,  the  speed 
at  which  the  shaft  will  turn  for  a  given  frequency  and  volt- 
age impressed  upon  the  stator  of  motor  No.  1  may  have 
various  values  depending  upon: 

(a)  The  number  of  poles  in  each  motor. 

(6)  The  polarity  of  connections  between  rotor  of  motor 

No.  1  and  stator  of  motor  No.  2. 
(c)  The  amount  of  resistance  in  the  rotor  circuit  of  motor 

No.  2,  if  it  is  of  the  wound-rotor  type. 

As  the  internal  action  of  concatenated  motors  is  especially 
instructive,  it  is  explained  in  some  detail  in  a  separate  article 
following. 

It  is  apparent  from  the  above  discussion  of  methods  for 
controlling  the  speed  of  polyphase  induction  motors,  that 
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they  are  all  rather  unsatisfactory  in  one  way  or  another. 
In  fact,  it  appears  that  the  induction  motor  is  inherently 
what  may  be  called  a  "constant-speed  motor"  —  not  in  an 
absolute  sense  like  the  synchronous  motor,  but  in  comparison 
with  such  flexible  adjustable-speed  types  as  may  be  had 
among  the  direct-current  motors. 

106.  Induction  Motors  in  Cascade.  The  connection 
variously  known  as  the  cascade,  or  chain,  or  tandem  con- 
nection, or  concatenation  of  polyphase  induction  motors,  is 
described  briefly  in  the  preceding  article  as  one  of  the  methods 
available  for  controlling  the  speed  of  such  motors.  We  shall 
examine  now  the  internal  actions  by  which  motors  so  con- 
nected adjust  themselves. 

Consider  first  two  motors  exactly  alike,  with  the  rotor  of 
the  second  one  short-circuited  or  replaced  by  a  squirrel-cage 
rotor.  Being  directly  coupled  together,  they  must  turn  at 
the  same  speed.  If  the  stator  of  No.  2  is  connected  to  the 
rotor  terminals  of  No.  1  in  such  sequence  that  both  motors 
tend  to  rotate  in  the  same  direction,  then  the  synchronous 
speed  of  the  couple  will  be  just  one-half  of  the  speed  at 
which  each  motor  would  operate  if  both  stators  were  con- 
nected directly  to  the  supply  line  in  parallel  while  both 
rotors  were  short-circuited.  This  is  in  fact  the  manner  iq 
which  we  get  two  speeds  from  the  couple,  the  tandem  con- 
nection giving  us  one-half  the  speed  which  we  get  from  the 
parallel  connection. 

Analyzing  the  general  case,  let: 

pi  =  number  of  pairs  of  poles  on  motor  No.  1. 
P2  =  number  of  pairs  of  poles  on  motor  No.  2. 
/o  =  number  of  cycles  per  second,  frequency  of  supply 

mains, 
n  =  number  of  rev.  per  sec,  speed  of  shaft. 

Then 

—  =  synchronous  speed  of  motor  No.  1,  rev.  per  sec. 
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'    [  —  —  n)  =  slip  of  motor  No.  1,  in  rev.  per  sec. 

f  —  —  w  j  pi  =  frequency  of  rotor  e.m.f.'8  in  motor  No.  1  =     / 

frequency  of  stator  e.m.f.'s  impressed  on 
motor  No.  2. 

— ==  synchronous  speed  of  motor  No.  2,  in  rev. 

per  sec. 

Now,  if  motor  No.  2  is  connectecl  to  motor  No.  1  in  such 
manner  that  both  tend  to  start  in  the  same  direction  (direct 
concatenation),  we  have 

— =  synchronous  speed  of  motor  No.  2  =  n 

rev.  per  sec. 

This  is  because  the  motors  are  rigidly  coupled  together; 
motor  No.  2  with  its  rotor  short-circuited  must  operate  at 
or  near  its  synchronous  speed,  and  this  must  be  the  same  as 
the  speed  of  motor  No.  1.  Simplifying  this  equation,  we 
have 


(1)     /o  -  npi  =  np2,  or  n(pi  +  P2)  =  /o,  or  n  = 


_        /o 


(Pi  +  P2) 


But  suppose  that  motor  No.  2  is  connected ^o  motor  No.  1 
in  such  manner  that  they  tend  to  start  in  opposite  directions 
(diflFerential  concatenation);   we  have  then 


^-»)x 


Pi 

—  =  sjrnchronous  speed  of  motor  No.  2  =  —  n 


Pi 

rev.  per  sec. 

Simplifying  this  equation,  we  have 


(2)      /o  -  npi  =  -np2,  or  n  (pi  -  pt)  ==  /o,  orn  = 


^        /o 


(pi  ~  P2) 
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.  By  using  two  motors  with  different  numbers  of  poles,  we 
can  get  four  different  speeds.  Thus,  suppose  that  motor 
No.  1  has  6  poles  and  motor  No.  2  has  4  poles.  Then  pi  =  3 
and  p2  =  2.     When  supplied  from  a  60-cycle  circuit: 

(a)  With  motor  No.  1  running  singly,  stator  directly  to  line 

and  rotor  short-circuited,  speed  =  —  =  ~  =  20  rev.  per  sec. 

f       60 
(6)  With  motor  No.  2  running  singly,  speed  =  —  =  "o"  = 

30  rev.  per  sec.  i 

(c)  With  motors  No.  1*  and  No.  2  in  direct  concatenation, 

speed  =  — =T —  =  o  ■  o  =  1^  rev.  per  sec.  '7'i-  O 

P1  +  P23  +  2        f, 

(d)  With  motors  No.  1  and  No.  2  in  differential  concate- 
nation, 

J  /o  ^0  rtn  -    "^ 

speed  ==  — =  t; — tz  =  60  rev.  per  sec. 

Pk  ^  Pi      3-2 

We  are  thus  able  to  get  speeds  of  12,  20,  30  and  60  rev.  per 
sec,  which  is  two  speeds  more  than  we  could  get  from  these 
motors  without  the  aid  of  cascade  connection. 

Prob.  60-7.  Two  induction  motors  which  are  being  operated 
in  direct  concatenation  are  exactly  alike  in  all  respects  except  that 
the  rotor  of  No.  2  is  short-circuited.  The  rated  voltage  and  fre- 
quency of  each  motor  is  such  that  the  two  may  be  operated  in 
parallel  directly  from  the  supply  line.  If  the  flux  density  and  the 
rotor  and  stator  currents  may  not"  be.  permitted  to  exceed  the 
values  obtained  under  this  condition,  what  is  the  maximum  total 
power  that  may  be  obtained  from  the  pair  when  operated  in  direct 
concatenation,  expressed  as  percentage  of  the  total  power  when 
operated  in  parallel? 

Prob.  67-7.  What  speeds  are  obtainable  by  concatenated  ar- 
rangements of  two  60-cycIe  motors,  one  having  8  poles  and  the 
other  4  poles? 

Prob.  68-7.  Wliat  s^wed  would  be  obtained  by  direct  concatena- 
tion of  three  60-cycle  motors,  having  8,  6  and  4  poles,  respectively? 
The  rotor  of  the  last  motor  is  short-circuited. 
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« 

PR>b.  69-7.  What  would  be  the  result  if  the  4-pole  motor  of 
^x>b.  68  were  connected  in  differential  concatenation  to  the  first 
two  motors,  which  are  connected  in  direct  concatenation? 

106.  Induction  Motor  as  Asynchronous  Generator. 
The  Induction  Generator.  When  opposition  is  offered  to 
the  rotation  of  an  induction  motor,  it  takes  electrical  power 
into  its  stator  from  the  line  wires,  it  generates  mechanical 
power  in  its  rotor,  and  it  turns  at  a  speed  somewhat  less  than 
the  sjmchronous  speed.  As  we  decrease  the  torque  resisting 
rotation  and  thereby  the  mechanical  power  generated,  the 
sUp  decreases  and  the  speed  approaches  synchronous  speed, 
while  the  current  and  power  taken  by  the  stator  decrease.  If 
we  remove  entirely  the  resisting  torque  and  permit  the  motor 
to  turn  freely,  it  takes  from  the  line  only  an  exciting  current 
(of  relatively  small  value  and  low  power-factor)  and  a  small 
amount  of  power  to  overcome  fixed  losses  in  iron  and  friction. 

Now  suppose  we  couple  this  machine  to  an  engine  which 
drives  it  at  exactly  synchronous  speed.  The  stator  con- 
tinues to  take  from  the  line  an  exciting  current  and  just 
enough  power  to  overcome  the  iron  losses,  while  the  engine 
suppUes  the  friction  losses.  If  we  speed  the  engine  up 
slightly  above  synchronism  (negative  or  reversed  slip),  the 
direction  of  rotor  e.m.f .  and  current  is  reversed,  which  causes 
the  stator  to  carry  a  load  component  of  current,  in  direction 
opposite  to  that  which  it  takes  when  the  machine  turns  as 
motor  at  less  than  synchronous  speed.  That  is,  when  the 
machine  is  forced  to  turn  &t  more  than  synchronous  speed,  it 
delivers  electrical  power  (or  carries  a  component  of  current 
180°  out  of  phase  with  the  e.m.f .)  into  the  line,  and  absorbs 
an  equivalent  additional  amount  of  mechanical  power  from 
the  engine.  While  it  continues  to  take  from  the  line  an  ex- 
citing current,  or  more  exactly  a  magnetizing  current  to 
maintain  the  flux,  the  power-factor  of  the  total  line  current 
is  distinctly  Y'aised  by  the  comparatively  large  power  com- 
ponent representing  electrical  power  delivefed  or  mechanical 
power  transformed. 
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When  an  induction  motor  is  driven  thus  by  a  prime  mover 
above  synchronous  speed  and  thereby  delivers  electrical 
power  from  its  stator  into  the  line,  it  is  called  an  '^  induction 
generator,"  or  an  "asynchronous  generator."  The  amount 
of  electrical  power  delivered  is  approximately  proportional 
to  the  slip  (which  is  negative,  the  speed  being  above  synchro- 
nism), just  as  in  the  case  of  induction  motor  action  where 
the  slip  is  approximately  directly  proportional  to  the  mechan- 
ical power  developed.  In  fact,  the  variation  of  line  current, 
line  kilowatts,  power-factor  and  efficiency  of  an  induction 
generator  with  respect  to  (negative)  slip  or  (negative) 
torque  are  almost  exactly  like  the  corresponding  curves  for 
the  same  machine  with  respect  to  (positive)  sUp  or  (positive) 
torque  when  it  acts  as  a  motor. 

The  induction  generator  cannot  operate  unless  connected 
to  a  circuit  which  is  capable  of  supplying  a  suitable  amount 
of  reactive  volt-amperes  to  excite  the  iron  cores,  or  produce 
the  flux  which  assists  to  generate  the  e.m.f.  and  the  power; 
in  other  words,  the  machine  is  not  self-exciting.  If  it  drives 
a  synchronous  motor,  the  latter  may  furnish  the  necessary 
reactive  volt-amperes  for  excitation  of  the  induction  gen- 
erator, while  the  latter  gives  out  the  kilowatts  of  effective 
power  to  drive  the  sjmchronous  motor.  Likewise  an  in- 
duction generator  may  drive  a  synchronous  converter.  If 
the  prime  mover  which  drives  the  induction  generator  has  a 
governor  to  keep  its  speed  constant,  the  negative  slip  that  is 
necessary  to  enable  it  to  deliver  electrical  power  can  be  ob- 
tained only  by  a  decrease  in  the  frequency  of  the  line  which 
supplies  the  exciting  volt-amperes  and  absorbs  the  elec- 
trical power  generated. 

If  the  excitation  is  furnished  by  synchronous  motors  or 
synchronous  converters,  the  reduction  of  their  speed,  which 
naturally  occurs  when  they  are  loaded,  may  cause  the 
necessary  amount  of  n^ative  slip.  But  if  the  governed  in- 
duction generatoi*  is  driven  in  parallel  with  synchronous  gen- 
erators the  prime  movers  of  which  are  also  governed,  then  the 
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latter  must  be  designed  for  a  speed  regulation  somewhat 
larger  or  poorer  than  that  of  the  prime  mover  driving  the 
induction  generator,  in  order  that  the  induction  generator 
may  take  its  share  of  the  load. 

The  most  common  use  of  induction  generators  is  as  an 
auxiliary  to  synchronous  generators  in  large  power  houses. 
Thus,  the  synchronous  a-c.  generator  is  driven  by  a  reciprocat- 
ing steam  engine;  the  exhaust  steam  from  this  engine,  at  or 
about  atmospheric  pressure,  is  fed  to  a  steam  turbine  which 
drives  an  induction  generator.  The  stator  of  the  latter  is 
connected  directly  to  the  terminals  of  the  synchronous 
generator.  There  is  no  governor  on  the  exhaust-steam 
turbine  which  receives  all  the  steam  that  the  reciprocating 
engine  delivers;  notwithstanding  this,  the  turbine  cannot 
race  because  it  must  deliver  electrical  power  in  proportion 
to  ^y  excess  of  its  speed  above  the  synchronous  speed  (of 
the  main  generator,  which  is  governed),  and  this  would  lighten 
the  load  on  the  reciprocating  engine,  whereupon  the  governor 
of  the  latter  comes  into  action. 

The  advantage  of  an  induction  generator  in  the  central 
station  is  that  when  short-circuited  its  voltage  drops  and  it 
stops  generating,  consequently  cannot  injure  itself  as  can  a 
synchronous  generator  (see  Art.  17).  It  would  not  be  advis- 
able to  use  induction  generators  for  more  than  about  half 
the  generating  capacity  of  a  station,  however,  because  the 
relatively  large  reactive  component  of  exciting  current  re- 
quired would  seriously  reduce  the  power-factor  and  conse- 
quently the  load  capacity  of  the  synchronous  generators. 

The  ability  of  the  polyphase  induction  motor  to  return 
power  to  the  polyphase  supply  line  when  driven  above 
synchronous  speed  is  very  useful  in  what  is  known  as  "re- 
generative braking.''  Thus,  if  a  trolley  car  driven  by  such 
motors  is  allowed  to  roll  freely  down  hill,  its  speed  increases 
oijy  until  the  motors  are  turning  slightly  above  synchro- 
nism. Then  the  motors  become  induction  generators,  re- 
turning the  stored  "energy  of  position"  of  the  car  to  the  line 
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as  electrical  power.  The  motors  cannot  run  much  above 
synchronous  speed  before  they  develop  a  magnetic  resisting 
torque  equal  to  the  force  tending  to  speed  the  car  down  hill; 
hence  the  car  moves  safely  at  about  its  top  speed,  but  does 
not  much  exceed  top  speed.  Induction  motors  are  em- 
ployed similarly  to  drive  hoists;  the  load  while  being  lowered 
remains  connected  to  the  motor,  driving  it  as  induction  gen- 
erator and  returning  electrically  to  the  line  a  large  part  of 
the  energy  previously  required  to  lift  the  load.  However,  if 
the  power  supply  fails  the  braking  action  is  lost. 

107.  Induction  Motor  as  Frequency  Changer*  There 
are  decided  advantages  in  using  a  low  frequency  (as  25  cycles 
per  sec.)  for  transmission  of  power,  rather  than  a  higher  fre- 
quency (as  60  cycles  per  sec).  Thus,  the  line  drop  due  to 
inductance  of  the  transmission  line,  and  the  charging  current 
due  to  capacitance  of  the  line,  are  both  reduced  by  lowering 
the  frequency.  While  the  operating  characteristics  of  a-c. 
motors  are  improved  by  lower  frequency,  the  size  and  cost 
of  the  machines  (including  transformers)  per  horse  power  or 
per  kv-a.  is  increased.  Everything  considered,  it  has  seemed 
advisable  to  design  and  operate  several  large  power  systems 
at  25  cycles  per  second.  For  operation  of  lights,  however, 
this  frequency  is  distinctly  unsatisfactory  because  it  produces 
a  flicker;  consequently,  on  such  systems  the  lighting  cir- 
cuits are  connected  to  the  transmission  lines  through  a 
"frequency  changer." 

Such  a  frequency  changer  might  consist  of  a  S3mchronoiis 
motor  coupled  to  an  a-c.  generator  having  a  different  num- 
ber of  poles.  Prob.  5-6  in  "First  Course"  has  made  it 
apparent  that  there  are  distinct  limitations  to  the  design  of 
such  couples.  Furthermore,  Prob.  13,  14,  15,  16,  17  and 
18  in  this  chapter  have  served  to  indicate  that  the  induction 
motor  may  be  used  as  a  frequency  changer.  For  this  pur- 
pose, the  stator  is  connected  to  the  supply  line  (low  frequency) 
and  the  terminals  of  the  wound  rotor  are  connected  to  the 
distributing  line  (higher  frequency)  while  the  rotor  is  coupled 
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to  a  synchronous  motor  which  turns  it  against  the  rotating 

stator  flux.    The  synchronous  motor  takes  power  from  the 

supply  mains  at  the  lower  frequency.    Thus,  to  deliver  at 

60  cycles  from  the  rotor  when  power  is  supplied  at  25  cycles 

to  the  stator  requires  that  the  rotor  be  driven  at  a  speed  of 

60  —  25 

— — —  or  1.4  times  the  synchronous  speed  of  the  rotor, 

and  in  a  direction  contrary  to  that  in  which  the  rotor  would 
turn  if  operated  as  an  induction  motor  with  the  same  con- 
nections of  stator  to  line. 

It  is  instructive  to  examine  the  distribution  of  power  in 
such  a  frequency  changer.  To  drive  the  rotor  against  the 
stator  flux  requires  no  torque  (except  that  necessary  to  over- 
come friction  and  magnetic  losses  in  the  rotor)  as  long  as  the 
rotor  carries  no  current.  But  as  soon  as  the  rotor  delivers 
current  to  a  receiving  circuit,  the  (synchronous)  driving 
motor  must  exert  against  the  rotating  flux  a  torque  T  (pound- 
feet)  represented  by  a  mechanical  force  off— J  pounds  tan- 
gential to  the  rotor  at  a  radius  of  r  feet.  If  we  neglect  the 
frictional  and  magnetic  losses  in  the  rotor,  this  force  per- 

fojTns  work  at  the  rate  of  2  irr  f—j  foot-pounds  per  revolu- 
tion, or  (2TTnr)  foot-pounds  per  sec,  where  Ur  represents 
the  actual  speed  of  the  rotor,  in  rev.  per  sec.  But  the  power 
required  to  make  the  stator  flux  turn  against  the  resisting 
torque  due  to  rotor  currents,  which  is  equal  to  the  electrical 
power  taken  by  the  stator  from  the  supply  lines  less  the  mag- 
netic and  copper  losses  in  the  stator,  is  also  equal  to  the 
pioduct  of  mechanical  force  exerted  by  stator  flux  upon  the 
rotor  times  the  speed  of  stator  flux.    That  is,  the  (mechanical) 

power  transferred  from  stator  to  rotor  is  equal  to  2  irr  f  —  j  n„ 

where  n,  is  the  synchronous  speed  (of  stator  flux)  in  rev.  per  sec. 

Thus,  the  rotor  receives  (2  TTrir)  foot-pounds  per  mi«ttte 

from  the  driving  motor  which  turns  it  against  the  flux,  and 
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s. . 


it  also  receives  {^irTn,)  foot-pounds  per  ixsixsite  from  the 
stator  by  way  of  the  rotating  flux.  The  total  mechanical 
power  received  by  the  rotor  and  transformed  into  electri- 
cal power  is,  therefore  equal  to  (2  tcTrir  +  2  irTn,)  foot- 
pounds per  naS&ate;  and  if  we  neglect  the  copper  losses  in  the 
rotor,  this  is  also  the  amount  of  electrical  power  output  from 
the  rotor  to  the  higher-frequency  circuit.  Therefore,  if 
we  neglect  all  losses  in  the  frequency  changer,  we  have  the 
following  relations: 

(a)  Electrical  power  taken  in  by  stator  from  low-frequency 
line  equals 

2TrTn.  n, 

or 


2TTnr  +  2TTn,  Ur  +  n, 

times  the  total  electrical  power  generated  in  the  rotor. 

(b)  Mechanical  power  taken  in  by  rotor  from  synchronous 
motor  connected  to  low-frequency  supply  line  equals 

2TrTnr  fir 

or 


2TTnr  +  2irTn,  rir  +  n, 

times  the  total  electrical  power  generated  in  the  rotor. 

If  we  take  account  of  the  losses  in  the  frequency  changer, 
the  electrical  power  taken  by  the  stator  will  be  larger  than 
(a)  by  the  amount  of  the  iron  losses  and  copper  losses  in  the 
stator,  while  the  electrical  power  output  from  the  rotor  will 
be  less  than  the  mechanical  power  input  to  rotor  by  the 
amount  of  the  iron,  friction  and  copper  losses  in  the 
rotor. 

Prob.  70-7.  If  the  rotor  and  stator  of  a  frequency  changer  are 
both  wound  for  8  poles,  how  must  the  rotor  be  driven  in  order  to 
transform  from  25  cycles  to  60  cycles  per  second? 

Prob.  71-7.  Calculate  what  relation  must  exist  between  the 
number  of  poles  for  which  the  frequency  changer  is  wound,  and 
the  number  of  poles  on  a  s3mchronous  motor  intended  to  drive  the 
frequency  changer,  in  order  to  change  from  25  to  60  cycles 
second. 
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Ptob.  72-7.  A  frequency  changer  of  the  induction  type  is  used 
to  obtain  power  at  60  cycles  per  second  from  a  50-cycle  system. 
What  per  cent  of  the  electrical  power  output  demanded  at  60  cycles 
must  be  put  into  the  frequency  changer  as  mechanical  power,  and 
what  per  cent  of  it  must  be  supplied  to  the  stator  as  electrical  power 
from  the  50-cycle  line?  Neglect  all  losses  in  the  machine.  Choose 
any  convenient  number  of  poles  if  necessary. 

Prob.  75-7.  Calculate  the  driving  speeds  (rev.  per  min.)  and 
the  number  of  poles  required  on  a  synchronous  driving  motor 
supplied  from  the  50-cycle  line,  for  various  nimabers  of  poles  on  the 
frequency  changer  of  Prob.  72. 

106.  Circle  Diagram  for  Induction  Motor.  Having 
placed  various  loads  upon  any  given  polyphase  induction 
motor,  and  having  measured  the  value  (/i)  of  current  input 
to  the  stator  and  of  power-factor  (cos^i)  at  each  load,  let 
us  by  means  of  the  power-factor  resolve  the  stator  current 
into  two  components,  namely  the  power  component  (/i  cos  ^i) 
and  the  reactive  component  (/isin^i).  From  these  data 
we  may  now  lay  out  a  vector  representing  each  measured 
value  of  total  primary  current  /i,  all  with  respect  to  a  vector 
OV  (Fig.  261)  chosen  to  represent  the  e.m.f.  of  the  line.* 
Thus,  in  Fig.  261,  vector  OE  represents  the  exciting  cmxent 
taken  by  stator  from  line  at  zero  load  of  motor,  as  Om.  rep- 
resents the^magnetizing  component  (in  quadrature  with  line 
voltage),  Oc  represents  the  core-loss  component  (in  phase  with 

line  voltage)  and  (pr«  J  represents  the  zero-load  power-factor. 

Similarly,  at  some  other  load  corresponding  to  Od  (=/i) 
amperes  input  to  the  stator,  the  power  component  of  /i  is 
Op  amperes  and  the  reactive  component  is  Or  amperes,  while 


the  power-factor  is  (  t^I 


*  When  the  diagram  refers  to  a  polyphase  motor,  OF  is  the  voltage 
between  line  wires,  and  the  length  of  each  current  vector  represents 
"equivalent  single-phase  amperes"  (see  First  Course,  page  204),  i.e., 
in  a  three-phase  system,  V3  times  current  per  line  wire,  and  in  a  two- 
phase  ^stem,  twice  the  current  per  wire. 
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When  we  have  plotted  a  sufficient  number  of  such  cuirent- 
vectors,  we  are  enabled  to  discover  that  a  curve  drawn 
through  the  ends  of  the  vectors  approximates  quite  closely 
to  the  arc  of  a  circle,  the  center  of  which  lies  on  the  line  cE 


5  Amperes  10 

Reactlye  Goniponont  of  Primary  Current. 

Fig.  261.  The  vectors  represent  the  primary  currents  of  an  induction 
motor  at  various  loads.  A  curve  drawn  through  the  ends  of  the 
vectors  proves  to  be  very  nearly  the  arc  of  a  circle. 

drawn  through  the  end  of  the  exciting-current  vector  and 
perpendicular  to  the  line-voltage  vector.  Having  located 
this  circle  or  arc  from  observations  of  current  and  power- 
factor  at  a  limited  number  of  different  loads,  we  may  use  it 
to  predict  the  value  and  power-factor  of  stator  current 
corresponding  to  any  number  of  other  loads.  This  circular 
"locus"  or  path  of  the  ends  of  the  current  vectors  is  not 


ASYNCHRONOUS  MOTORS  499 

peculiar  to  the  induction  motor  but  pertains  also  to  the 
transformer,  and  in  fact  to  any  circuit  having  constant  in- 
ductive reactance  but  variable  resistance,  upon  which  con- 
stant (harmonic)  voltage  is  impressed. 

As  the  circle  of  Fig.  261  passes  through  the  ends  of  all 
vectors  representing  the  current  taken  by  the  motor  when 
turning  against  various  loads,  with  constant  voltage  applied, 
so  also  it  passes  through  the  end  of  the  vector  which  repre- 
sents the  current  taken  by  the  motor  when  the  load  becomes 
great  enough  to  bring  it  to  a  standstill  (with  same  voltage 
applied).  Thus,  in  Fig.  262,  the  semicircle  EFPTLZ  passes 
not  only  through  the  end  of  the  vector  OE  representing  the 
exciting  current  taken  by  the  motor  at  zero  load  (running 
freely)  but  also  through  the  end  of  the  vector  OL  represent- 
ing the  current  which  the  motor  takes  when  its  rotor  is  held 
stationary,  both  of  these  currents  being  measured  while 
full  rated  voltage  is  applied  to  the  stator  and  both  vectors 
being  drawn  to  the  same  scale.  This  fact,  together  with  the 
knowledge  that  the  center  (0)  of  the  circle  lies  on  a  line  EZ 
drawn  through  E  perpendicular  to  the  vector  {OV)  repre- 
senting line  voltage,  gives  us  a  very  simple  method  for 
drawing  the  circle,  and  thereby  of  detennining  the  complete 
performance  of  the  motor,  from  only  two  simple  measurements. 

To  obtain  data  for  constructing  the  circle  diagram,  we 
connect  the  motor  to  a  power  supply  suited  to  the  rating  of 
the  motor  (as  to  number  of  phases,  frequency  and  voltage). 
Proper  instruments  are  included  in  the  connections,  for 
measuring  pressure,  current  and  power  (watts).  We  take 
one  set  of  readings  (V,  Iq,  Wo)  with  motor  running  unloaded, 
and  another  set  of  readings  (V,  Z^,  Wl)  with  rotor  locked 
and  stationary,  the  pressure  V  being  full  rated  voltage  of 

motor  in  both  cases.  By  means  of  the  power-factor  lyf) 
at  zero  load  we  resolve  the  exciting  current  h  into  its  two 

Wo  Wn 

components  -yTf   ^^  -^o  X  pj^,   in   phase  with  OV;    and 
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y/o*  — (^j   in  quadrature  with  OV.    From  these  com- 
ponents we  draw  the  vector  OE  (Fig.  262)  representing  the 


'  sdjadiiiy  *9aaijno  Xavm^id  JO  ^aauodiuoo  jaMOj 


exciting  current.  Similarly,  from  the  locked-rotor  readings, 
we  draw  the  vector  OL,  representing  /l  as  to  both  value  and 
phase  relation  to  OV.    Through  E  we  draw  a  line  ECZ 
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perpendicular  to  OV.  Then  we  draw  a  straight  line  from  E 
to  L,  and  perpendicularly  from  its  middle  a  line  xO'  inter- 
secting ECZ  at  0',  This  point  0'  is  the  center  of  the  semi- 
circle, which  we  draw  as  EFPTLZ. 

As  the  motor  takes  an  excessive  current  which  would  soon 
damage  the  windings  when  full  voltage  is  applied  with  locked 
rotor,  it  is  usual  to  reduce  the  voltage  while  taking  the  locked- 
rotor  readings,  to  such  value  that  the  motor  takes  say  |  of 
rated-load  current.  This  requires,  let  us  say,  \  of  rated 
voltage.  Now,  with  locked  rotor  the  motor  acts  like  a 
(very  leaky)  transformer  whose  secondary  is  short-circuited, 
and  its  resistance,  reactance  and  impedance  are  constant 
quantities.  Consequently,  if  full  rated  voltage  had  been 
applied,  we  reason  that  the  value  of  II  would  have  been 
t  times  the  observed  value,  or  (^  X  J  =  5)  times  the  rated- 
load  current,  and  the  power-factor  of  this  current  would 
have  been  equal  to  the  value  determined  from  the  readings 
at  lower  voltage.  That  is,  we  locate  the  position  of  vector 
OL  from  the  reduced-voltage  readings,  and  then  extend  it 
straight  outward  to  a  length  equal  to 


/rated  voltage  of  motor      ,  \ 


where  Vl  and  II  are  respectively  the  voltage  and  the  current 
measured  with  locked  rotor.* 

So  far  the  "circle-diagram"  gives  us  only  the  amount  of 
effective  power  (watts),  of  reactive  volt-amperes,  and  of 
power-factor  corresponding  to  any  given  value  of  amperes 
input.  But  by  drawing  a  few  additional  lines  we  may  ob- 
tain much  more  than  this.    To  do  this,  we  must  measure 

*  On  account  of  the  iron  in  the  magnetic  circuit,  the  locked-rotor 
impedance  of  the  motor  is  not  constant,  neither  is  the  ratio  of  reactance 
to  resistance,  or  the  power-factor,  constant  for  all  values  of  locked-rotor 
current.  It  is  better,  therefore,  to  measure  the  locked-rotor  current  for 
a  number  of  voltages,  draw  a  curve,  extend  it  fairly,  and  read  from  the 
extended  part  of  the  curve  the  probable  value  of  locked-rotor  current 
corre6p)onding  to  full  rated  voltage. 
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carefully  the  resistance  of  the  primary  (stator) ;  this  should 
be  measured  at  or  near  the  normal  operating  temperature, 
or  the  measured  value  should  be  corrected  to  operating 
temperature  by  calculation.* 

We  now  compute  the  total  copper  loss  (/ifii)  in  the  pri- 
mary or  stator  of  the  motor  corresponding  to  some  particular 
value  of  current  input.  It  may  be  shown  (see  Prob.  74-7) 
that  the  total  copper  loss  in  any  three-phase  winding  is  equal 
to  (i  PR),  where  /  is  the  current  per  line  wire  and  R  is  the 
(average)  resistance  between  Any  two  line  wires,  regardless 
of  whether  the  winding  is  connected  in  For  in  A.  It  is 
perhaps  most  convenient  to  base  this  computation  upon  the 
locked-rotor  current  OL  (Fig.  262)  which  was  obtained 
directly  by  or  from  measurement.  Dividing  this  computed 
value  of  stator  copper  loss  (at  full  rated  voltage,  with  locked 
rotor)  by  the  rated  voltage  F,  we  obtain  that  part  of  the 
power  component  of  locked-rotor  current  which  supplies 
stator  copper  losses.  To  the  same  scale  employed  for  all 
currents  in  the  circle  diagram,  we  lay  off  this  component 
as  CR  in  Fig.  262.  Then  we  draw  a  straight  line  through 
E  and  R. 

As  it  now  stands,  Fig.  262  enables  us  (without  further 
testing  and  without  loading  the  motor  or  demanding  power 
or  consuming  energy)  to  determine  all  operating  character- 
istics of  practical  importance.  Thus,  mE  or  nr  or  SC  is  the 
working  or  power  component  of  exciting  current  in  amperes; 
if  we  multiply  it  by  rated  voltage  we  obtain  the  no-load 
losses  (practically,  total  fixed  losses,  or  stator  core  losses  plus 
friction  losses)  in  watts.  Multipljdng  CR  by  rated  volts 
gives  us  stator  copper  loss  with  locked  rotor.  Multipl3ring 
RL  by  rated  volts  gives  us  rotor  copper  loss  with  locked 

*  If  the  resistance  of  a  conductor  is  Ri  ohms  when  measured  at 
temperature  ti  (degrees  Centigrade),  then  the  resistance  of  the  same 
conductor  at  temperature  It  (deg.  Cent.)  will  be 


i>        i?  ^  (^  +  0.00427 <A    , 
ie»=i?iX^^^QQQ^yJohmfl. 
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rotor.  The  total  watts  input  with  locked  rotor  is  equal  to 
{SC  +  CR  +  RL)  times  rated  volts,  because  there  can  be 
no  output  when  the  motor  is  standing  still  regardless  of  the 
amount  of  torque  produced. 

Now  let  us  choose  any  other  point,  as  P,  of  the  circle  dia- 
gram (Fig.  262).  A  perpendicular  dropped  from  P  to  OS 
makes  intersections  at  w,  /,  n  and  r  with  various  construc- 
tion lines,  as  shown.  All  distances  on  Pr  represent  portions 
of  the  working  component  of  current  input  which,  when 
measured  on  the  chosen  scale  of  amperes  and  multiplied  by 
the  rated  volts,  give  corresponding  parts  of  the  total  wattage 
input  to  the  motor.    Thus: 

Pr  (amperes)  X  rated  volts  (OV)  =  total  watts  input  to 

motor; 

m  (amperes)  X  rated  volts  =  no-load  losses  or  con- 

stant losses; 

7d   (amperes)  X  rated  volts  *  =  watts   lost   in   stator 

copper; 

tu   (amperes)  X  rated  volts  =  watts  lost  in  rotor; 

ru  (amperes)  X  rated  volts  =  total    watts    lost    in 

motor; 

uP  (amperes)  X  rated  volts  =  total   watts   input  — 

total  watts  lost; 
=  mechanical  output  of 
power  expressed  in 
watts. 


Also: 


-,«,  .  .       .         watts  output     uPxOV     uP 

Eflaciency  of  motor  =  — tt—' — ^  =  D~zr7vf7  =  ^r  • 
^  watts  mput       PrxOV      Pr 


Pr      Op 
Power-factor  of  motor  =  ^  =  ^^ 


^y   __  secondary  copper  loss iu  X  OV tu 

^  "      secondary  input     "  (Pu  xOV)  +  {tu  x  OV)  "  Pi 

tu 
Per  cent  slip  '==pi^  100  per  cent. 
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rp  _  mechanical  power  output 

rotor  speed 

_  power  transferred  from  stater 
synchronous  speed. 
From  the  definition  given  in  Art.  101  for  "synchronous 
watts, "  we  can  see  that  the  torque  of  the  induction  motor, 
expressed  in  synchronous  watts,  is  equal  to  the  watts  out- 
put from  primary  (stator)  or  input  to  secondary  (rotor),  and 
is  equal  to  Pi  (amperes)  times  OV  (line  volts).    That  is: 

Pt  (amperes)  X  07  (volts)  = 

=  torque  of  motor,  in  synchronous 

watts. 

Torque  (in  pound-feet)  =  synchronous  watte 

synchronous  speed  (r.p.m.)  X  0.142 
^  7.04  X  Pt  (amperes)  X  OV  (volts) 
synchronous  speed  (r.p.m.) 

Thus,  we  may  select  any  number  of  points  like  P  on  the 
circle  of  Fig.  262,  and  determine  from  each  pojnt  a  set  of 
simultaneous  values  of  amperes  and  watts  input,  power- 
factor,  watts  or  horse-power  output,  sHp  and  speed,  torque 
and  efficiency.  From  these  derived  data  we  may  draw  char- 
acteristic curves  in  any  form  that  may  be  desired.  Further- 
more, it  is  quite  convenient  to  determine  directly  from  Fig. 
262  the  maximum  values  of  power-factor,  power  input, 
power  output  or  torque,  without  recourse  to  the  character- 
istic curves.  Thus,  if  we  draw  a  line  through  0  and  tangent 
to  the  semicircle,  the  point  of  tangency  F  indicates  the  load 
at  which  the  power-factor  of  the  motor  reaches  its  highest 
value.  Similarly,  the  maximuni  power  output  is  obtained 
at  P,  where  a  line  {yz)  parallel  to  the  output  line  {EL)  is 
also  tangent  to  the  semicircle.  The  maximum  torque  is 
obtained  at  T,  the  point  where  a  line  drawn  parallel  to  ER 
becomes  also  tangent  to  the  semicircle.  The  maximum  power 
input  is  obtained  at  TT,  the  point  where  a  line  drawn  parallel 
to  OS  or  EO'  becomes  also  tangent  to  the  semicu-cle. 
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Prob.  74-7.  Prove  that  the  total  copper  loss  in  a  three-phase 
winding  is  }  PR,  where  /  is  the  current  per  line  wire  and  R  is  the 
resistance  between  line  wires,  regardless  of  whether  the  phases  arc 
connected  in  A  or  in  Y. 

Prob.  7&-7.  The  following  measurements  were  made  on  a 
50-hoi8e  power,  three-phase,  440-volt,  25-cycle,  6-pole  induction 
motor: 

(a)  Running  free  at  no-load:  Volts  between  terminals,  440; 
amperes  per  terminal,  16;  total  kilowatts  input,  1.14. 

(b)  With  locked  rotor  (estimated  from  measurements  at  reduced 
voltage):  Volts,  440;  amperes  per  terminal,  436;  total  kilowatts 
input,  173. 

(c)  Resistance  between  any  two  terminals  of  stator,  at  60®  C, 
is  0.1118  ohms. 

Draw  the  circle  diagram  (}ike  Fig.  262)  for  this  motor,  using 
equivalent  single-phase  amperes  for  all  current  vectors,  and  as  large 
a  scale  as  possible. 

Prob.  7(^7.  From  the  diagram  of  Prob.  75,  calculate  the  max- 
imum values  of: 

(a)  Per  cent  power-factor. 

(b)  Horee-power  output. 

(c)  Pound-ltet  torque. 

(d)  Watts  input. 

Prob.  77-7.  From  the  diagram  of  Prob.  75,  make  measurements 
and  calculations  from  which  to  draw  a  set  of  characteristic  curves 
for  this  induction  motor,  having  as  abscissa  the  torque  (pound-feet) 
and  as  ordinates  the  following: 

(a)  Amperes  per  line  wire. 

(b)  Kilowatts  input. 

(c)  Horse-power  output. 

(d)  Per  cent  slip. 

(e)  Revolutions  per  minute,  rotor  speed. 
(J)  Per  cent  power-factor. 

(g)  Per  cent  efficiency. 

Prob.  7&-7.  From  the  diagram  of  Prob.  75,  find  the  point  at 
which  the  sum  of  variable  losses  is  equal  to  the  sum  of  constant 
losses,  and  determine  therefrom: 

(o)  The  horse-power  output  at  which  the  efiiciency  is  maximum. 

(f>)  The  torque  (in  pound-feet)  corresponding. 

(c)  The  percentage  value  of  this  maximum  efficiency. 

Compare  these  results  with  corresponding  values  from  curves 
of  Prob.  77. 
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109.  Single-phase  Induction  Motor.  After  a  polyphase 
induction  motor  has  been  started  and  run  up  to  full  speed, 
it  will  continue  to  run  even  after  we  have  disconnected  all 
phases  but  one  (for  instance,  after  we  have  opened  up  one  of 
three  line  wires  supplying  a  three-phase  motor) .  Under  these 
conditions  the  motor  usually  makes  a  loud  hunmiing  ^oise, 
operates  at  considerably  lower  power-factor  and  efficiency 

than  when  running  poly- 
phase, and  has  poorer 
speed  regulation  and  less 
pull-out  torque.  The  mo- 
tor exerts  i)o  starting 
torque  when  supplied  with 
single-phase  power  only, 
but  if  started  turning  in 
either  direction  with  suffi- 
cient impulse  from  some 
auxiliary  device  (or  even 
by  hand,  in  case  of  a  small 
motor)  it  will  speed  up  to 
synchronism  if  there  is  no 
Fig.  263.  Conventional  diagram  of  a  load  upon  the  motor, 
single-phase  induction  motor.  The  It  is  instructive  and  use- 
poles  N2  and  Si  on  the  stationary  f^i  ^^  inquire  briefly  into 
rotor  are  produced  by  the  rotor  cur-  ^^^  ^^^  j ^^  ^^^  ^^^_ 
rents  mduced  therem  by  the  trans- 

former  action  of  the  flux  due  to  the   ^nces   between    the   poly- 
Btator  poles  Ni  and  Si.  phase  and  the  single-phase 

induction  motor.  Fig.  263 
is  a  conventional  diagram  of  a  two-pole  single-phase  induction 
motor.  Ni  and  Si  represent  the  poles  of  the  stator,  the  flux 
from  Ni  across  to  Si  varying  harlnonically  with  time.  The 
small  circles  around  the  rotor  (large  circle)  represent  sections 
of  the  rotor  conductors  (bars,  in  a  squirrel-cage  rotor).  As 
indicated  by  the  dotted  lines,  corresponding  rotor  conductors, 
connected  through  the  end-rings,  may  be  considered  to  form 
coils.    The  alternating  stator  flux  from  Ni  to  Si,  linking  with 
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these  coils  as  indicated  in  Fig.  263,  induces  in  each  coil  or  in- 
ductor an  e.m.f .  as  in  the  secondary  of  a  transformer.  These 
e.m.f.'s  are  such  as  to  cause  rotor  currents  which  produce 
poles  on  the  rotor  at  ATjSs,  in  direct  line  with  the  stator 
poles  NiSi.  There  can  be  no  torque  between  AT^Sj  and 
NiSi,  regardless  of  how  strong  may  be  the  stator  flux  or  the 
rotor  curi'ents,  because  of  their  disadvantageous  relative 
positions. 

Now,  suppose  we  start  turning  the  rotor  in  say  a  clockwise 
direction,  as  indicated  in  Fig.  264.    An  alternating  e.m.f  will 
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Fio.  264.  Diagram  of  a  single-phase  induction  motor  showing  poles 
Ni  and  Si  on  the  moving  rotor  produced  by  the  rotor  currents  induced 
therein  by  the  movement  of  the  rotor  through  the  flux  of  the  stator 
poles  ^1  and  Si- 

be  produced  in  each  conductor,  which  is  moving  through 
flux,  the  amount  of  this  e.m.f.  at  any  instant  being  directly 
proportional  to  the  speed  of  rotation  and  to  the  amount  of 
flux  from  Ni  to  Si  at  that  instant.  According  to  Lenz' 
law,  the  direction  of  these  induced  e.m.f. 's  and  currents  is 
such  as  to  produce  poles  on  the  rotor,  as  shown  at  Ni  and 
S'i  midway  between  stator  poles,  opposing  the  motion  which 
produces  them.    As  the  stator  core  completely  surrounds 
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the  rotor,  these  rotor  poles  N^S^  induce  corresponding 
opposite  poles  on  the  surface  of  the  stator,  at  right  angles  to 
the  main  poles  JViSi. 

The  "speed  e.m.f."  which  produces  the  poles  iVjSJ  (Fig. 
264)  reaches  its  maximum  value  at  the  same  instant  as  the 
main  field  NiSi,  The  "speed  currents"  in  the  rotor  con- 
ductors lag  nearly  one-quarter  period  behind  the  corre- 
sponding speed  e.m.f.'s,  because  the  rotor  circuits  are  highly 
inductive.  Thus  the  speed  flux  (NHS^),  which  is  in  phase 
with  the  speed  currents  in  the  rotor,  lags  one-quarter  period 
behind  the  main  flux  (iVi^Si).  As  these  two  fields  are  also 
at  right  angles  to  each  other  in  space,  the  t<)tal  or  resultant 
flux  will  rotate  in  space  (see  Art.  95  and  Fig.  245-247). 

When  the  rotor  is  turning  slowly,  the  speed  e.m.f.'s, 
speed  currents  and  speed  field  are  all  relatively  weak,  so 
that  the  resultant  field  has  much  greater  strength  when  it 
passes  through  the  region  NiSi  than  when  it  passes  through 
the  region  iV^J.  It  is  then  said  to  be  an  "elliptical  field*' 
because  a  polar  curve  representing  its  strength  in  different 
directions,  or  at  different  instants  of  time,  would  have  ap- 
proximately the  form  of  an  ellipse.  When  the  rotor  turns 
at  synchronous  speed,  the  speed  field  becomes  nearly  as  strong 
as  the  main  field  (iViSi,  sometimes  called  the  "transformer 
field") ;  the  resultant  or  total  field  is  then  of  nearly  constant 
strength,  and  is  called  a  "circular  field."  As  the  rotor  slows 
down  the  circle  representing  the  resultant  field  becomes  an 
ellipse,  which  becomes  flatter  until  at  standstill  it  is  reduced 
to  a  straight  line  —  that  is,  the  resultant  field  is  stationary 
but  alternating. 

The  rotation  of  the  resultant  flux,  due  to  motion  of  the 
rotor,  producies  torque  and  drags  the  rotor  in  the  manner  of 
a  polyphase  motor.  As  the  rotor  approaches  synchronous 
speed,  the  single-phase  motor  behaves  .more  nearly  like  a 
polyphase  motor.  At  any  given  value  of  slip  the  rotating 
elliptical  field  will  have  a  minimum  strength  which  is  less  than 
the  constant  strength  of  the  circular  field  in  a  corresponding 
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polyphase  motor  with  the  same  slip.  Therefore  we  see  that 
the  torque  corresponding  to  any  given  slip,  and  the  pull-out 
torque,  are  less  for  the  single-phase  motor  than  for  the  poly- 
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Fio.  265.   ^Ked,  efficiency  and  power-factor  characteristics  of  a  Wagner 
7)  H.F.  aiogle-phase  motor.     Wagner  Etednc  Mfg. -Co. 

phase  motor.  However,  the  operating  characteristics  show 
a  general  similarity  to  those  of  a  polyphase  motor,  as  may 
be  seen  from  Fig.  265.  From  "Standard  Handbook  for 
Electrical  Engineers"  we  quote  as  follows: 

"When  a  three-phase  motor  is  operated  single-phase  with  the 
same  voltage  between  lines,  its  maximum  output  will  be  approx- 
imately 40  per  cent  of  the  three-phase  maximum  output.  For 
best  conditions,  such  as  best  distribution  of  losses  and  ratio  of  rated 
to  maximum  output,  it  is  customary  in  using  a  three-phase  motor 
single-phase  to  reduce  the  rated  output  of  the  motor  by  25  to  33  per 
cent  and  to  increase  the  rated  terminal  voltage  by  about  30  per  cent." 

In  general  it  may  be  said  that  a  motor  of  given  size,  weight 
and  cost  can  carry  less  load  when  operating  single-phase; 
or,  conversely,  that  single-phase  motors  weigh  more,  occupy 
more  space,  and  cost  more,  per  horee  power  of  rated  capacity, 
than  polyphase  motors.  A  good  general  understanding  of 
this  may  be  had  by  considering  the  nature  of  the  total  power 
Bupplied  to  the  motor.  The  power  in  a  single-phase  circuit 
varies  from  instant  to  instant  (see  Art,  35,  36,  37  in  "Fn^t 
Course").  When  the  power-factor  is  less  than  unity,  as  is 
usual  in  a  motor,  the  power  has  actually  negative  values 
during  some  parts  of  each  period. 
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This  means  that  a  single-phase  motor^  working  i^ainst  a 
uniform  resisting  torque  or  load,  must  be  able  to  store  the  ex- 
cess energy  when  the  instantaneous  power  is  greater  than  the 
average,  in  order  to  sustain  the  load  when  the  instantaneous 
power  is  less  than  the  average.  When  the  power-factor  is 
less  than  unity,  its  storage  capacity  must  be  still  greater, 
because  it  must  return  energy  to  the  supply  circuit,  as  well 
as  carry  the  load,  while  the  instantaneous  power  is  negative. 
To  furnish  this  storage  capacity  more  iron  and  other 
materials  must  go  into  the  construction  of  the  motor, 
than  would  be  necessary  if  (as  in  any  balanced  polyphase 
circuit)  the  total  power  is  unvarying,  or  does  not  change 
from  instant  to  instant. 

110.  Method  of  Starting  Single-Phase  Induction  Motors. 
Notwithstanding  the  advantage  of  the  pol3rphase  motor 

over  the  single-phase 
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motor  in  point  of  cost, 
size,  overload  capac- 
ity, efficiency,  power- 
factor  and  starting 
torque,  it  is  frequently 
necessary  to  install 
small  motors  (frac- 
tional horse  power  and 
Fig.  266.  Single-phase  induction  motor  yp  ^  JQ  h.p.)  so  far 
with  spUt-phase  starting  coU  fed  through  ^^^    ^j^^    polyphase 

a  condenser.  ,      .^  ^   -^ 

power  supply  that  it 

does  not  pay  to  run  three  wires  to  the  motor  when  two  wires 
will  suffice.  Thus,  a-c.  induction  motors  for  driving  such  loads 
as  fans,  sewing  machines  and  washing  machines  must  usually 
be  supplied  from  lighting  circuits,  which  are  invariably  single- 
phase.  To  be  useful  even  for  such  purposes,  the  single-pliase 
motor  must  be  made  self-starting,  and  a  number  of  auxiliary 
devices  are  used  for  this  purpose. 

First:  Starting  by  hand.     It  is  shown  in  Art.  109  that  a 
small  single-phase  motor  may  be  given   a  sufficient   im- 


ASYNCHRONOUS  MOTORS 


611 


pulse  by  hand  in  either  direction  to  make  it  come  up  to  full 
speed* 

Second:  Split-phase  starting.  As  indicated  in  Fig.  266  and 
267,  auxiliary  coils  F2  are  wound  on  the  stator  between  the 
main  field  coils  Fi. 
The  main  coils  are 
connected  directly 
across  the  line,  while 
the  auxiliary  coils  are 
in  series  with  a  con- 
denser C  (Fig.  266) 
or  a  nearly  pure  in- 
ductance /  (Fig.  267) 
through  a  switch  S 
which  is  closed  only 
while  starting.      The 

effect  of  C  or  /  is  to  throw  the  current  and  fiux  in  the 
starting  coil  (F2)  out  of  phase  with  the  main  field,  thereby 


r 
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FiQ.  267.  Single-phase  induction  motor 
with  a  split-phaae  starting  coil  fed  through 
an  inductance. 


Fig.  268.    Single-phase  induction  motor  with  a  split-phase  starting 

arrangement. 

causing  the  resultant  field  to  rotate  and  a  torque  to  be 
produced.  Fig.  268  shows  a  phase-splitting  arrangement 
for  starting  and  running  a  three-phase  motor  from  a  single- 
phase  circuit;  the  switch  S  is  to  be  opened  after  the  motor 
gets  up  to  full  speed. 
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Third:  Shading-coil  for  starting.  In  Fig.  269,  a  short- 
circuited  coil  of  copp)er  wire,  or  a  soUd  ring  of  copper  (c), 
has  been  placed  around  one-half  of  each  main  pole  {N},  Si, 
N[y  S[),    When  the  flux  is  changing,  there  is  induced  in 


Fig.  269. 


Single-phase  induction  motor  with  shading-coils  in  the 
poles  in  order  to  produce  a  starting  torque. 


each  of  these  coils  (c)  a  current  which  opposes  the  change. 
Consequently,  the  variations  of  flux  in  the  leading  tip  of 
each  pole  will  lead  the  variations  of  flux  in  the  trailing  pole- 
tip.  The  efifect  of  this  is  to  cause  a  flux  wave  to  sweep 
across  each  pole  face,  after  the  manner  of  flux  in  a  poly- 
phase motor,  which  produces  a  starting  torque  on  the 
rotor. 

Fourth:  Starting  as  Repulsion  Motor,  By  addition  of  com- 
mutator and  brushes  to  the  rotor,  the  induction  motor 
may  produce  starting  torque  by  "repulsion  motor"  action, 
to  be  explained  in  the  following  article.  When  the  motor 
has  reached  synchronous  speed,  the  centrifugal  force  upon  a 
set  of  weights  linked  to  and  rotating  with  the  shaft  brings  a 
short-circuiting  ring  into  contact  with  all  the  commutator 
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bars,  making  the  armature  practically  equivalent  to  a  squirrel- 
cage  rotor,  and  usually  at  the  same  time  lifts  the  brushes 
away  from  the  eonmiutator. 

Prob.  79-7.  Show  conclusively  that  the  total  power  in  a  bal- 
anced polyphase  circuit  does  not  vary  from  instant  to  mstant, 

but  has  a  steady  value  equal  to  V3  EI  cos  6  for  a  three-phase  cir- 
cuit OT  2  EI  COS  6  for  a  two-phase  circuit,  where  E  and  /  refer  to  the 
volts  between  line  wires  and  the  amperes  ui  each  line  wire,  respec- 
tively, and  cos  ^  is  the  power-factor  of  each  phase  of  the  total  con- 
nected load. 

Piob.  80-7.  Two  coils,  A  A'  and  BB',  as  in  Fig.  245,  are  in  such 
relative  position  that  individually  they  produce  fluxes  at  right 
angles  to  each  other.  The  component  fluxes  are  out  of  phase  by 
i  period.  The  maximum  value  of  flux  due  to  coil  BB^  is  only  one- 
half  as  great  as  the  maximum  flux  due  to  AA\  Draw  vectors  aa 
in  Fig.  247  to  represent  the  resultant  or  total  flux  at  equal  inter- 
vals (ih  period)  of  time,  and  draw  a  curve  through  the  ends  of 
these  vectors. 

Prob.  81-7.  Solve  Prob.  80,  but  on  the  basis  that  the  component 
fluxes  are  out  of  phase  by  i  period. 

Prob.  8a-7.  The  coils  AA',  BB'  and  CC  of  Fig.  248  are  con- 
nected in  y.  A  terminal  of  A  A*  and  a  terminal  of  BB'  are  con- 
nected to  a  single-phase  line.  The  remaining  terminal  (belonging 
to  CC)  is  connected  to  the  same  line  through  a  phase-splitting 
device  like  Fig.  267,  which  causes  the  current  in  the  coil  CC'  to  be 
^  period  out  of  phase  with  the  current  in  BB\  and  half  as  large 
in  value.  Assume  fluxes  to  be  directly  proportional  to  currents. 
Draw  vectors  and  ciuve  as  specified  in  Prob.  80. 

Prob.  88-7.  Repeat  solution  of  Prob.  82,  on  the  basis  that 
flux  due  to  coil  CC  is  only  one-quarter  as  large  as  the  flux  due  to 
AA'  and  BB'  together. 

Pfob.  84-7.  Show  that  when  we  start  the  rotor  of  Fig.  264 
turning  in  either  direction  the  magnetic  field  due  to  the  speed 
e.mi.'s  and  speed  currents  has  such  phase  relation  to  the  main 
field  that  the  resultant  flux  rotates  in  such  direction  as  to  maintain 
the  rotor  movement  which  produced  it.  What  would  be  the 
result  if  it  were  opposed  to  the  initial  movement  of  the  rotor? 
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111.  The  Repulsion  Motor.  In  the  ^'  repulsion  motor  " 
we  have  a  rotor  with  a  winding  quite  similar  to  that  employed 
on  the  armature  of  a  direct-current  machine.  At  uniform 
intervals  along  this  winding,  taps  ar^  connected  to  bars  in  a 
conmiutator.  The  brushes  which  bear  upon  this  conmiuta- 
tor  are  short-circuited  together.  By  shifting  these  brushes 
into  various  positions,  we  may  cause  the  motor  to  turn  in 
either  direction,  or  to  stand  still,  when  the  stator  windings  are 
connected  to  a  source  of  single-phase  power.  The  operating 
characteristics  of  this  motor  are  similar  to  those  of  a  series 
d-c.  motor.  At  zero  load,  the  spepd  goes  indefinitely  high, 
and  as  the  load  increases  the  speed  decr^ses  in  approxi- 
mately .inversg  proportion 
to  the  torque.  "The  starting 
torque  is  high. 

To  understand  the  opera- 
tion of  the  repulsion  motor, 
first  consider  Fig.  270.    The 
single-phase  stator  winding 
connected  to  line  wires  Inln 
produces  two  poles,  let  us 
say,  at  A^i  and  Si,   Although 
the  rotor  is  actually  drum- 
wound,  a  ring  winding    is 
Fig.  270.    The  currents  produced  in  shown  for  simplicity  in  trac- 
the  short-circuited  rotor  windings,    ing  circuits.    A  short-circuit 
as  marked,  cannot  produce  a  torque   (^)     '^   connected    between 

two  definite  coils  which  are 
in  line  with  the  stator  poles. 
The  flux  due  to  the  stator  is  in  fact  alternating,  and. the 
polarities  marked  correspond  only  to  a  particular  part  of 
each  cycle.  The  variations  of  flux  from  N\  to  Si  induces 
e.m.f.'s  and  currents  in  the  rotor  windings  short-circuited 
at  a,  and  these  currents  produce  poles  on  the  rotor  in 
line  with  the  short-circuit  —  or  at  JV2S2  in  Fig.  270.  For 
this  position  (a)  of  rotor,  there  can  be  no  torque  between 


with  the  stator  field  on  account  of 
their  relative  positions. 
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NiSi  and  iVjSj,  regardless  of  the  strength  of  stator  6ux  or 
rotor  currents,  since  the  torques  developed  under  each  half 
of  any  pole  are  equal  and  in  opposite  directions. 

If  the  rotor  be  turned  by  hand  into  the  position  (6)  shown 
in  Fig.  271,  there  will  still  be  zero  torque.  In  this  case,  the 
rotor  is  in  most  favor- 
able position  to  produce 
torque  by  interaction  be- 
tween rotor  currents  and 
stator  flux.  But  it  may 
easily  be  seen  that  the 
e.ni.f.'s  iaduced  in  each 
path  of  the  rotor  winding 
neutralize  each  other,  so 
that  no  rotor  currents 
and  no  rotor  poles  can  be 
produced. 

However,    if   the  rotor  ^«-  ^]'  .^^^  the  shortrcircuited 
,  J    ,  ...  rotor  IS  in  this  poeition,  the  e.m.f .  s 

be    moved    to    a   position      ^^^^  ^^^  ^^^  alternating  stator 

somewhere  between  those  magnetism  neutralize  one  another. 

shown  in  Fig.  270  and  271,  Thus  there  are  no  rotor  currents  and 

the  resultant  e.m.f  induced  °o  torque,  although  the  rotor  is  in  the 

in  each  rotor  path  will  be  !^^  favorable  position  for  devdop- 

,       . ,        ■  J  , ,  ing  torque  if  there  were  any  current. 

greater  than  zero,  and  the 

rotor  currents  will  produce  poles  on  the  rotor  somewhere 
between  the  stator  poles,  as  shown  in  Fig.  272.  Here,  if  the 
rotor  is  initially  in  the  position  (a),  a  clockwise  torque  will 
be  exerted  on  N3/S2,  and  in  the  position  (6)  a  counter-clockwise 
torque  will  be  produced  on  iV^J.  The  torque  will  not  re- 
verse as  the  current  alternates,  because  both  stator  and  rotor 
poles  reverse  simultaneously.  In  either  case,  however,  this 
torque  will  be  reduced  to  zero  as  soon  as  the  rotor  has  moved 
enough  to  bring  the  short-circuit  into  position  cCy  midway 
between  stator  poles. 

To  maintain  the  torque  steadily,  it  is  necessary  to  adopt 
means  to  keep  stationary  the  points  on  the  rotor  winding 
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Fig.  272.  When  the  short-circuited  rotor  lb  in  the  position  a,  a  clock- 
wise torque  is  exerted  upon  the  currents  induced  in  it.  When  the 
rotor  is  in  position  6,  a  counter-clockwise  torque  is  exerted  on  it. 
In  either  case,  the  torque  lasts  only  until  the  rotor  has  moved  into 
the  portion  cc^  when  the  torque  becomes  2ero. 


Fig.  273.  The  repulsion  motor.  It  has  a  rotor  wound  like  the  arma- 
ture of  a  direct-current  motor,  the  coils  being  connected  to  the  com* 
mutator  CC,  upon  which  bear  the  short-circuited  brushes  BB,  If  the 
brushes  are  set  so  as  to  produce  the  rotor  poles  Nt  and  <St  which  are 
neither  in  line  with  the  stator  poles  ^i  and  &  nor  at  right  ang^,  a 
continuous  torque  will  be  exerted  upon  the  rotor. 


o- 

con- 
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between  which  the  short-circuit  is  applied.     For  this  pur- 
pose, the  winding  is  connected  as  shown  in  Fig.  273  to  a 
conunutator    CC,     upon    which    bear    the 
brushes  BB    with  a    short-circuit    between 
them.    The  brushes  are  shifted  out  of  line 
with  the  main  stator  poles  A^iSi,  whereupon 
there  are  induced  in  the  rotor,  by  trans- 
former action,  currents  which  produce  rotor    L| 
poles  at  A^2  and  S2.    The  stator  poles  exer-    Lg 
cise  a  repulsive  force  upon  these  rotor  poles  J^    074  a 
and  produce  thereby  a  torque.     By  shifting     ventionffl 
these  brushes  BB,  we  may  have  a  torque     sketch  to  rep- 
in  either  direction,  or  zero  torque.     In  real-     resent  the  con- 
ity,    the     internal    actions    become     quite     sections    and 
highly    complicated    by   the    speed   e.m.f.'s     ^rra^^g®"^^^ 
and  currents  that  arise  as  soon  as  the  motor     273. 
begins  to  turn,  but  this  explanation  has  been 
made  as  simple  as  possible.    Fig.  274  shows  a  conventional 
sketch  for  a  simple  repulsion  motor. 

111(a).  Operating  Characteristics  of  Repulsion  Motors. 
The  straight  repulsion  motor,  which  has  the  characteristics 
of  a  series  motor,  has  been  applied  to  various  purposes  for 
which  the  latter  would  be  suitable  —  such  as  driving  of 
railroad  cars  and  fans.  Its  widest  application,  however,  has 
been  as  an  auxiliary  to  the  single-phase  induction  motor, 
to  supply  the  starting  torque  which  the  latter  inherently 
lacks.  Fig.  275  shows  a  single-phase  induction  motor  with 
wound  rotor,  the  rotor  winding  being  tapped  to  a  (radial) 
commutator  upon  which  bear  brushes  controlled  by  a  cen- 
trifugal governor  on  the  shaft.  The  brushes  are  short-cir- 
cuited together  and  when  the  motor  is  at  standstill  they  bear 
upon  the  commutator,  being  set  so  as  to  produce  torque  by 
repulsion  motor  action  when  the  stator  is  excited.  This 
torque  accelerates  the  motor  to  nearly  synchronous  speed,  at 
which  point  the  governor  connects  all  the  commutator  bars 
together,  and  at  the  same  time  throws  the  brushes  out 


ALTERNATING-CURRENT  ELECTRICITY 


Fia.  275.  A  ein^e-phase  induction  motor  with  commutator  and 
bniehes  for  Htarting  as  a  reputaion  motor.  The  Wentmghoiue  EUctric 
and  Mfg.  Co. 
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of  contact  with  the  commutator,  producing  practically  a 
squirrel-c^e  rotor.     The  motor  then  operates  as  a  straight 
aingle-phaae  induction  motor,  having  operating  character- 
istics  such  as  are  shown  in  Fig.  265.    Fig.  276  shows  the 
speed-torque  curve  of  such  a  motor  both  before  and  after 
the  governor  has  operated. 
An    interesting    type   of 
single-phase  induction  mo- 
tor having  excellent  operat- 
ing chaructcristtcs  is  shown 
in   Fig.   277   to  281.     The 
rotor  slots  contain  two  dis- 
tinct windings,  a  squirrel- 
cage  winding  of  copper  bars 

at  the  bottom,  and  a  coil  ^^  277.  Single -phfl«  induction 
winding  at  the  top  con-  motor  designed  tor  starting  as  a 
nected  to  a  commutator.  repulsion  molor  and  for  operation 
These  two  wmdings  are  «» '•'S''  power-facuir.  The  Woffwr 
separated  by  "magnetic  ^^-^^  ^Z"^"' 
separators, "  as  illustrated  in  Fig.  278.  The  general  appear- 
ance of  the  motor  is  shown  tn  Fig.  277,  and  the  electrical 
connections  (with  the 
r«dca  normal  operating  char- 

wiBdins(S)  acteristtcs)  in  Fig.  279. 
lepmiuc  As  indicated  in  Fig.  279, 
pp,(4)  there  is  placed  in   the 

same  slots  with  the  main 
Fio.  278.  The  erosi  aection  of  one  slot  field  winding  (M.F.)  on 
in  therotorof  the  moi«rahowninFig.  the  stator  an  auxiliary 
277.  The  Wagner  EkclTie  Mfg.  Co.  "  compensating  winding  " 
(2),  the  function  of  which  is  to  improve  the  power-factor  of 
the  motor.  The  brushes  5  and  6,  Fig.  279,  in  line  with  the 
stator  poles  are  short-circuited  together,  while  another  pair 
of  brudies  (7,  8)  fixed  midway  between  the  stator  poles  ia 
connected  in  series  with  the  main  field.  The  compensating 
winding  (2)  is  shunted  across  the  latter  brushes  (7,  8)  and 
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there  is  included  in  this  circuit  (2)  a  switch  (S,  Fig.  277) 
operated  by  centrifugal  force  which  closes  the  compen- 
sating field  only  after  the  motor  has  reached  synchronous 
sp)eed.  Between  any  two  brushes  there  is  of  course  an 
alternating  e.m.f. 
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Fig.  279.  Curves  showing  the  performance  under  load  of  the  Wagner 
single-phase  induction  mptor  of  Fig.  277.  Tht  Wtigner  Electric 
Mfg.  Co. 

The  normal  operating  curves  for  this  motor  (Fig.  279) 
show  that  at  zero  load  the  slip  is  negative  (speed  slightly 
above  sjiichronism),  and  the  power-factor  is  about  70  per 
cent  leading.  As  the  power  output  increases  the  speed  falls 
and  the  power-factor  rises,  the  slip  being  zero  and  the  power- 
factor  unity  at  about  rated  load.  It  should  be  explained 
that  the  power-factor  may  be  adjusted  by  shifting  connections 
on  the  compensating  winding,  and  the  direction  of  rotation 
may  be  reversed   by    reversing   connections   between   the 
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main  field  (M.F.)  and  the  brushes  (7,  8).  The  motor  can- 
not race  under  any  ch*cumstances,  because  of  the  squirrel-cage 
winding  in  the  bottoms  of  the  slots;  in  this  respect  it  is 
superior  to  some  other  motors  which  lack  the  squirrel-cage 
winding  and  which  will  race  if  some  of  the  brushes  become 
disconnected. 

The  effect  of  the  compensating  winding  is  illustrated  by 
Fig.  280,  which  shows  how  the  operating  characteristics  are 
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Fig.  280.  Operating  characteristics  of  the  motor  shown  in  Fig.  277, 
with  the  compensating  winding  disconnected.  Note  the  change  in 
power-factor  and  efficiency  due  to  the  lack  of  the  compensating  wind- 
ing.   The  Wagner  Electric  Mfg.  Co. 


changed  when  the  compensating  winding  is  disconnected. 
Note  that  both  the  power-factor  and  the  efficiency  are 
markedly  reduced,  and  the  current  increased  at  light  loads. 
Fig.  281  shows  the  load  characteristics  of  the  same  motor 
after  all  brushes  have  been  disconnected  from  one  another 
and  from  the  stator  windings,  which  may  be  done  after 
starting  the  motor.  Note  that  the  current  is  relatively  high 
for  any  given  load,  the  power-factor  is  low,  and  the  load 
capacity  of  the  motor  is  greatly  reduced. 

112.  The  Series  Motor  for  A-C.  Circuits.    When  the 
direction  of  current  through  a  direct-current  series  motor  is 
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reversed  without  altering  the  connections  between  its  field 
and  armature  windings,  the  direction  of  torque  and  of 
rotation  remain  unchanged,  because  the  magnetic  poles  on 
both  field  and  armature  have  their  polarity  reversed  at  the 
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Fig.  281.  Operation  characteristics  of  the  same  motor  of  Fig.  277-280 
but  with  all  the  brushes  removed  (after  attaining  full  speed).  Note 
the  reduced  capacity  of  the  motor.    The  Wagner  Electric  Mfg.  Co. 

same  time  by  the  reversed  current  which  flows  through  both 
of  them.  Even  if  the  reversals  of  current  occur  rapidly  we 
should  expect  to  find  that  the  torque  remains  unidirectional; 
in  other  words,  the  series  motor  should  produce  a  torque 
tending  to  turn  it  in  the  same  direction,  when  either  direct 
or  alternating  current  is  sent  through  it. 

This  is  in  fact  the  case;  but  the  operation  of  the  motor  on 
alternating-current  circuits  is  decidedly  inferior  to  its  per- 
formance on  direct-current  circuits,  in  the  following  respects: 

First.  The  series  motor  designed  for  d-c.  circuits  takes 
alternating  current  at  a  very  low  power-factor,  on  account 
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of  the  large  amount  of  inductance  in  field  and  armature 
windings.  This  is  objectionable  because  with  the  limiting 
current  passing,  the  power  developed  will  be  much  lower 
than  for  the  same  value  of  direct  current  and  voltage. 

Second.  There  would  be  excessive  heating  of  the  field  cores 
of  a  d-c.  series  motor  operated  on  an  a-c.  circuit,  involving 
low  efi[iciency  and  either  damage  to  insulation  or  reduction 
of  power  capacity.  This  is  due  to  large  eddy  currents  in- 
duced in  the  solid  pole-cores.  The  armature  core  is  lami- 
nated even  in  a  d-c.  machine. 

Third,  The  d-c.  series  motor  would  spark  excessively  at 
the  brushes  if  operated  on  an  a-c.  circuit.  This  is  due 
principally  to  alternating  e.m.f.'s  and  currents  induced  in 
the  coils  that  are  short-circuited  through  each  brush  by 
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Fio.  282.    Vector  diagram  for  a  series  arc.  motor. 
01  =  current. 
F  —  voltage  drop  over  field  winding. 
A  =  voltage  drop  over  armature  impedance. 
Ec  —  comiter  e.m.f.  induced  in  the  armature  by  the  speed. 
E  s  total  e.m.f.  applied  to  terminals  of  the  motor. 

the  alternating  flux  which  links  with  such  coils  in  its  path 
from  one  field  pole  to  another. 

Let  us  now  examine  how  these  difficulties  are  overcome  in 
adapting  the  series  motor  to  the  alternating-current  power 
supply.  In  discussing  power-factor,  first,  we  shall  be  as- 
sisted by  drawing  the  vector  diagram  for  a-c.  series  motor, 
as  in  Fig.  282.    The  current  has  the  same  phase  throughout 
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both  field  and  armature,  and  is  taken  as  the  reference  vector 
01.  The  e.m.f.  X/I,  required  to  overcome  inductive  react- 
ance of  the  field  winding,  leads  01  by  one-quarter  period  or 
90°,  while  the  e.m.f.  R/I  to  overcome  resistance  of  field 
winding  is  in  phase  with  01.  The  total  e.m.f .  consumed  by 
field  impedance,  which  would  be-  indicated  by  a  voltmeter 
across  the  field  terminals,  is  marked  F.  Similarly,  the 
e.m.f.  required  to  overcome  impedance  of  the  armature 
winding  is  A.  The  counter  e.m.f.  induced  by  continuous 
rotation  of  the  armature  in  the  alternating  flux  from  the 
field  winding  is  marked  Ec.  It  is  in  phase  with  the  field 
flux,  and  therefore  also  with  the  current  01  which  produces 
the  flux  (neglecting  the  very  slight  phase  difference  between 
current  and  flux,  due  to  hysteresis).  A  voltmeter  tapped 
across  the  armature  terminals  would  indicate  the  vector 
sum  of  A  and  Ec,  or  de.  The  total  e.m.f.  between  terminals 
of  the  entire  motor  is  E,  or  the  vector  sum  of  F,  A  and  Ec. 
The  power-factor  of  the  motor  is  equal  to  cos  6. 

Now,  in  order  to  increase  the  power-factor  or  reduce  d, 
we  must  reduce  X/  and  Xa.  This  demands  first  of  all  that 
the  frequency  of  the  circuit  be  low;  series  motors  are  rarely 
operated  at  more  than  25  cycles  per  second,  and  for  heavy 
series  railway  motors  a  frequency  of  15  is  advocated.  Fur- 
thermore, the  inductance  of  field  windings  is  reduced  by 
making  the  number  of  turns  in  the  field  coils  as  small  as 
possible.  This  requires  that  the  reluctance  of  the  magnetic 
circuit  be  kept  low,  which  is  accomplished  by  making  the 
air  gap  short,  and  the  cross  section  and  amount  of  iron  in 
the  magnetic  circuit  relatively  large  so  as  to  reduce  densities 
and  increase  permeabilities. 

The  most  practicable  way  of  reducing  armature  inductance, 
on  the  other  hand,  is  by  means  of  a  "compensating  winding" 
sunk  into  slots  in  the  pole-faces.  In  Fig.  283,  the  conductors 
on  the  stator  which  are  joined  by  full  lines  represent  the  main 
field  winding  producing  poles  at  Ni  and  Si.  The  brushes 
BB  are  in  such  position  on  the  commutator  CC  that  the 
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direction  of  current  in  the  various  rotor  conductors  is  as 
indicated,  producing  poles  at  N2  and  S2  on  the  armature, 
which  act  upon  the  stator  poles  Ni  and  Si  to  produce  torque 
and  rotation.  As  demonstrated  in  Chapter  IX  of  First 
Course,  it  is  not  economi- 
cal to  spread  a  single-phase 
winding  over  the  entire 
periphery  of  the  stator. 
The  space  not  occupied, 
therefore,  by  the  main 
field  winding  is  filled  with 
conductors  (joined  as 
shown  by  dotted  lines) 
which  form  the  "compen- 
sating winding." 

This  compensating 

.J.  1     .       J     ,      Fig.  283.    The  winding  diagram  for  a 

wmdmg    IS    designed    to      „;„„,_k™ -.•;«.  ^^TT*.,    tv.. 

have  enough  ampere-turns 
so  that  it  tends  to  produce 
poles  upon  the  surface  of 
the  stator  equal  and  oppo- 
site to  JVj  and  S2,  in  con- 
sequence of  which  the 
armature  winding  is  actually  unable  to  produce  any  appre- 
ciable amount  of  flux  linking  with  its  own  turns  —  that 
is,  its  inductance  is  reduced  to  practically  zero.  However, 
the  local  flux  linking  the  conductors  in  each  single  slot  is  not 
and  cannot  be  compensated.  The  compensating  winding 
is  sometimes  connected  in  series  with  the  armature  (conduc- 
tive compensation),  and  sometimes  it  is  designed  to  be  short- 
circuited  upon  itself  (inductive  compensation)  so  that  the 
necessary  current  is  induced  in  it  by  transformer  action 
of  the  flux  from  the  armature  poles  JVaSj.  In  the  latter 
case  the  armature  flux  (from  N2  to  S2)  limits  itself  to  the 
small  amount  necessary  to  induce  an  e.m.f.  just  sufficient 
to  overcome  the  impedance  of  the  compensating  winding. 


single-phafle  series  a-c.  motor.  The 
full  lines  show  the  main  field  winding. 
The  dotted  lines  represent  compen- 
sating windings  used  to  reduce  the 
armature  inductance.  From  More- 
croft'8  '^ContinTwus  and  Alternating' 
Current  Machinery.^* 
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The  power-factor  of  the  series  motor  is  also  increased  by 
making  Ee  (Fig.  282)  large  in  comparison  with  X/I  and  XJ- 
This  induced  counter  e.m.f .  is  increased  by  using  a  relatively 
large  amount  of  copper  (turns)  in  the  armature  of  the 
series  a-c.  motor.  This  large  number  of  armature  turns  does 
not  increase  Xa,  on  account  of  the  compensating  windings. 
Of  course  the  values  of  R/I  and  RJ  are  kept  as  small  as 
practicable,  by  increasing  the  cross  section  of  the  conductors, 
because  they  represent  energy  losses  which  reduce  the 
efficiency  of  the  motor. 

In  order  to  reduce  the  heating  in  the  a-c.  series  motor,  and 
to  keep  the  efficiency  as  high  as  possible,  it  is  necessary  to 
laminate  the  iron  in  the  field  cores  as  well  as  in  the  armature 
core.*  Low  flux  densities  must  be  used,  so  that  this  motor  is 
characterized  by  a  relatively  large  amount  of  iron,  as  well  as 
of  copper,  for  a  given  horse  power.  This  makes  the  motor 
more  expensive  than  a  d-c.  series  motor  of  the  same  rated 
horse  power  and  voltage.  In  general  it  may  be  said  that  a 
series  motor  designed  for  alternating  current  will  have  larger 
capacity  and  better  operating  characteristics  when  operated 
on  direct  current,  whereas  the  d-c.  series  motor  behaves 
very  badly  on  a-c.  circuits. 

The  most  serious  difficulty  in  operating  series  motors  on 
a-c.  power  circuits  is  in  regard  to  sparking.  We  have  to 
contend  with  all  the  difficulties  which  arise  in  the  d-c. 
machine,  plus  some  which  are  peculiar  to  the  a-c.  machine. 
It  is  the  latter  and  the  special  devices  that  must  be  used  on 
account  of  them  that  we  shall  here  consider.  As  shown  in 
Kg.  284,  the  coils  CiCj,  which  are  short-circuited  by  the 
brushes  Bi  and  3%  respectively  while  undergoing  commuta- 
tion, are  threaded  by  the  flux  <f>  which  passes  from  one  field 
pole  to  another  through  the  armature  core.  In  the  a-c. 
series  motor,  this  stator  flux  is  alternating,  therefore  each 
short-circuited  coil  (as  CiyCz)  has  induced  in  it  an  alternating 
e.m.f.  by  transformer  action,  in  addition  to  such  e.m.f. 
*  See  Timbie,  ''Elements  of  Electricity,"  Art.  124,  page  189. 
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as  may  be  induced  by  movement  of  the  armature.  Theee 
transformer  e.m.f.'B  in  the  coils  CiCi  produce  excessive  cur- 
rents (limited  only  by  the  impedance  of  the  individual  coils), 
which  beat  the  armature  winding,  the  commutator  and  the 


Pig.  284.     Diagram  of  a  amgle-phaee  seriefl  a-c.  motor  showing  how 

.  the  alternations  of  the  fliuc  4,  threading  the  Bhort-circuited  arotature 

coils  CiCt,  induce  Id  tbem  heavy  currents  by  transformer  action. 

brushes,  reduce  the  efficiency  of  the  motor  and  cause  bad 
sparking  in  operation.  The  coils  Cid  might  even  be  burned 
out  if  the  motor  were  too  long  in  starting,  as  then  the  cur- 
rents are  large  and  these  coils  have  no  chance  to  cool  off. 

The  amount  of  e.m.f.  and  of  current  in  the  short-circuited 
coils  may  be  reduced  by  designing  the  armature  winding  so 
as  to  have  a  lai^r  number  of  coils  with  a  smaller  number  of 
turns  in  each  coil,  and  by  using  as  little  flux  per  pole  as  pos- 
sible. Thus,  a-c.  series  motors  are  characterized  by  a  large 
number  of  thin  commutator  bars,  and  by  being  wound  for 
rather  numerous  poles.  Even  these  efforts  are  inadequate, 
however,  and  such  motors  are  usually  equipped  with  what 
are  known  as  "resistance  leads"  or  "preventive  leads." 
Thus,  in  Rg.  285,  the  leads  rj,  r»,  .  .  .  ,  r,i  between  the  ar- 
mature coils  and  the  commutator  bars  are  designed  to  have 
not  only  a  sufl^cient  current-carrying  capacity  but  also 
enough  resistance  to  limit  to  a  safe  value  the  current  induced 
in  the  short-circuited  coils  (CiCs),by  transformer  action  of 
the  main  field  flux.    These  resistances  need  not  be  large. 
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because  two  of  them  (as  ri  and  ri)  act  in  series  to  limit  the 
current  in  any  single  short-circuited  coil  (as  Cj),  and  the 
e.m.f.  induced  in  each  coil  by  transformer  action  is  relatively 
small.    Therefore  the  PR  loss  due  to  the  flowing  of  the  main 


F^o.  285.  A  eingle-phaae  seriefi  a-c.  motor  showing  the  resistance 
leada  (r)  between  coils  and  commutating  bare,  to  limit  the  short- 
circuit  currents  in  coils  CiCi  due  to  the  transformer  action  by  liie 
main  field  flux. 

current  through  them  is  not  excessive,  except  when  the  motor 
is  stalled  or  takes  too  much  time  in  starting.  Nevertheless, 
these  preventive  resistances  are  sometimes  replaced  by  in- 
ductive reactances  *  in  order  to  reduce  the  heating  and  im- 
prove efficiency.  It  is  to  be  noted  that  the  only  preventive 
leads  which  carry  current  at  any  instant  are  those  connected 
to  the  commutator  bars  which  are  under  brushes. 

The  series  alternating-current  motor  is  peculiarly  useful 
and  adaptable  where  we  desire  the  speed  to  vary  automati- 
cally with  changes  of  load,  or  where  we  desire  to  control  the 
speed  of  the  motor  at  any  given  load.  In  the  former  respect, 
the  series  motor  has  practically  the  same  diaracteristic 
on  either  d-c.  or  a-«.  circuits;  when  the  motor  is  required 
to  pull  a  heavy  torque  it  automatically  slows  down,  and  when 
it£  torque  is  small  it  runs  at  high  speed.  This  mokes  it 
•  See  Trana.  A.I.E.E.,  Vol.  XXIX,  page  28. 
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suitable  for  driving  railway  trains,  because  the  heaviest 
torque  is  needed  while  the  train  is  starting,  and  then  also 
the  speed  should  be  low.  When  the  accelerating  period  is 
over,  the  torque  is  much  reduced  and  then  high  speed  is 
usually  desired.  The  speed  of  the  series  a-c.  motor  is  easily 
and  efficiently  controlled  by  feeding  power  to  it  through  an 
autotransformer  equipped  with  numerous  taps,  so  that  a 
number  of  different  voltages  may  be  applied  to  the  motor 
terminals.  The  autotransformer  may  be  wound,  also,  so 
as  to  take  power  directly  from  a  high-tension  line  while  the 
motor  receives  its  input  at  a  moderate  pressure,  thus  econo- 
mizing the  expense  and  space  for  insulation  in  the  motor. 
Corresponding  reduction  pf  voltage  for  speed  control  of  the 
d-c.  series  motor  may  be  had  only  by  means  of  resistors, 
which  waste  large  amounts  of  power  and  lower  the  efficiency 
of  the  whole  outfit  at  reduced  speeds  to  a  value  much  lower 
than  may  be  obtained  by  the  a-c.  motor  with  its  autotrans- 
former. 


SUMMARY  OF  CHAPTER  VH 

mBUCTION  MOTORS  differ  from  other  types  in  that  the 
currents  in  the  rotor  or  secondary  windings  are  induced  by  the 
magnetic  action  of  the  currents  in  the  stator  or  primary  wind- 
ings. These  motors  are  inherently  approximately  constant- 
speed  motors. 

THE  ROTOR  may  be  of  the  '*  squirrel-cage  "  type,  consist- 
ing of  insulated  heavy  copper  bars  with  short-circuited  ends, 
laid  in  slots  in  a  core  of  laminated  iron;  or  it  may  be  of  the 
*'  wound  "  type,  consisting  of  insulated  windings  laid  in  slots 
and  brought  out  to  slip  rings  mounte'd  on  the  shaft 

THE  STATOR  is  practically  identical  with  the  armature  of 
any  alternating-current  generator  of  the  stationary  armature 
type. 

A  REVOLVING  FLUX  is  set  up  by  the  altematmg  current 
in  the  stator  windings  of  a  polyphase  motor.  This  revolving 
flux  cutting  the  conductors  of  the  rotor  sets  up  currents  in 
them,  in  such  direction  as  to  produce  a  continuous  torque. 
If  unloaded,  the  rotor  will  revolve  at  nearly  the  same  speed  as 
the  stator  flux.    This  is  called  the  STNCHRONOUS  SPEED. 

THE  SYNCHRONOUS  SPEED  in  revolutions  per  minute 
equals  60  times  the  frequency  divided  by  the  number  of  pairs 
of  poles,  as  in  any  synchronous  machine. 

THE  ROTOR  OF  A  LOADED  INDUCTION  MOTOR  does 
not  rotate  at  S]rnchronous  speed  but  ''  slips,"  so  that  the  re- 
volving stator  flux  cuts  the  rotor  windings  and  produces  the 
necessary  rotor  e.m.f.,  current  and  torque  to  carry  the  load. 
The  '*  slip  "  is  stated  in  percentage  and  equals 

synchronous  speed  —  actual  rotor  speed 
S]rnchronous  speed 

THE  INDUCTANCE  OF  THE  ROTOR  windings  causes  a 
time  lag  of  rotor  currents  behind  rotor  e.m.f.'s,  and  causes  tiie 
field  due  to  the  rotor  currents  to  occupy  such  a  position  with 
regard  to  the  rotating  flux  that  the  torque  is  reduced  thereby. 
It  also  cuts  down  the  value  of  the  rotor  currents,  especially  at 
starting,  when  the  e.m.f.  induced  in  the  rotor  has  the  same 
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frequency  as  the  line.  It  would  have  no  effect  at  synchronous 
speed  as  tiie  frequency  of  the  induced  e.m.f .  would  be  zero. 

THE  RESISTANCE  OF  THE  ROTOR  windings  reduces  tiie 
torque  merely  in  that  it  limits  the  value  of  the  rotor  currents, 
as  it  does  not  produce  an  unfavorable  effect  upon  the  position 
of  the  rotor  flux  with  relation  to  tiie  stator  poles. 

THE  ROTATING  FIELD  IN  THE  STATOR  OF  A  POLY- 
PHASE MOTOR  is  formed  by  the  combined  fluxes  of  the 
several  phases.  The  dying  fluxes  of  some  phases  always 
combine  with  the  growing  fluxes  of  the  others  so  that  the  total 
flux  remains  the  same  value  and  sweeps  around  the  axis  of  the 
rotor. 

THE  STARTING  CURRENT  OF  A  SQUIRREL-CAGE 
MOTOR  is  large,  being  usually  from  8.6  to  7  times  the  full- 
load  current  if  started  at  full  voltage,  because  the  ampere-turns 
of  the  stator  must  balance  the  large  value  of  the  ampere- 
turns  in  the  rotor  in  which  heavy  currents  are  set  up  by  the 
revolving  flux.  As  tiie  rotor  is  at  rest,  its  conductors  are  cut 
by  tiie  stator  flux  at  synchronous  speed  and  a  relatively  high 
ejn.f.  is  induced  in  them. 

THE  POWER-FACTOR  OF  THE  STARTING  CURRENT 
of  this  motor  is  low.  It  is  approximately  the  power-factor  of 
the  rotor  current,  being  about  66  per  cent,  due  to  the  large 
value  of  the  reactance  of  the  rotor  in  relation  to  its  resistance. 
It  depends  upon  the  value  of  the  slip  which  is  m^^mnm^  and 
of  the  leakage  reactance  which  is  large  on  account  of  tiie  air 

gAP- 

THE  STARTING  TORQUE  IS  LOW,  depending  upon  the 
relative  values  of  the  reactance  and  resistance  of  the  rotor 
and  averaging  about  1.6  to  2.6  times  the  full-load  torque.  This 
is  due  largely  to  the  unfavorable  position  of  the  rotor  currents 
and  poles  relative  to  the  stator  poles.  The  starting  torque  is 
greatest  when  the  resistance  of  the  rotor  equals  its  reactance. 
Under  these  conditions,  it  is: 

Directly  proportional  to  the  square  of  the  e.m.f.  induced  per 
torn  of  the  rotor  circuit  when  at  rest  or  the  e.m.f.  impressed 
upon  the  stator; 

Inversely  proportional  to  the  angular  velocity  of  the  rotating 
field  and  to  the  resistance  per  circuit  of  the  rotor. 

A  WOUND  ROTOR  CAN  BE  SX7PPLIED  with  extra  external 
starting  resistance  in  order  to  make  the  resistance  equal  to  the 
reactance.  This  resistance  is  cut  out  when  rotor  attains  full- 
load  speed,  in  order  to  increase  the  efficiency. 
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THE  SPEED  OF  AN  INDUCTION  MOTOR  falls  as  load 
is  added  to  it.  The  increased  slip  causes  a  greater  cutting  of 
the  rotating  flux  by  the  rotor  conductors,  consequently  a  greater 
e.m.f .  is  induced  in  the  rotor,  which  increases  the  rotor  currents 
and  torque  sufficiently  to  carry  the  added  load.  The  torque 
may  be  increased  to  a  maximuTn  value  known  as  the  pull-out 
point,  usually  about  1.6  times  the  starting  torque.  The  motor 
then  comes  rapidly  to  standstill,  because  of: 

(a)  The  stator  impedance  drop,  which  decreases  the  mutual 
flux. 

(b)  The  magnetic  leakage,  on  account  of  which  the  increase 
in  stator  current  does  not  produce  a  proportional  increase  in 
mutual  flux.  It  also  increases  the  rotor  reactance,  causing 
the  rotor  poles  to  occupy  an  unfavorable  position. 

INCREASING  THE  TORQUE  (LOAD)  ON  A  MOTOR 
causes: 

(a)  A  falling  off  in  speed.  At  given  per  cent  slip  the  larger 
motors  have  higher  power-factors  and  efficiencies. 

(b)  An  increase  in  power-factor,  the  maximum  power- 
factor  being  obtained  at  a  considerable  overload.  High-speed 
motors  have  the  best  power-factor. 

(c)  An  increase  in  efficiency  to  about  |  load  and  only  a 
slight  change  from  there  to  ll  load. 

THE  EFFECT  OF  ROTOR  RESISTANCE  UPON  THE 
PERFORMANCE  OF  AN  INDUCTION  MOTOR: 

(a)  Increasing  the  rotor  resistance  improves  the  power-fac- 
tor and  reduces  the  current  at  starting,  and  up  to  a  certain 
point  increases  the  starting  torque. 

(b)  Increasing  the  rotor  resistance  reduces  the  speed,  or  in- 
creases the  slip  and  the  speed  regulation  corresponding  to  a 
given  torque,  in  direct  proportion  to  1*9.  In  this  manner  we  may 
obtain  any  desired  speed  from  synchronous  speed  to  zero,  at  any 
given  value  of  torque  or  load.  Under  these  conditions,  the 
current,  power  and  power-factor  of  input  are  unchanged,  but 

(c)  When  the  speed  is  thus  reduced,  the  ij  tq  loss  in  the 
rotor  is  increased,  and  the  power  output  and  the  efficiency 
corresponding  to  a  given  torque  are  reduced,  in  direct  proportion 
to  the  increase  of  slip  and  of  r^. 

(d)  The  pull-out  point  or  maximum  load  capacity  of  the 
motor  is  independent  of  the  value  of  secondary  resistance. 

SYNCHRONOUS  WATTS  signifies  the  amount  of  mechanical 
power  (expressed  in  watts)  which  the  machine  could  develop  if  it 
were  to  turn  at  synchronous  speed  while  delivering  a  given  torque. 
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Synchronous  watts  —  0.142  X  rev.  per  min.  X  pound-feet 
AN  INCREASE  IN  THE  LENGTH  OF  THE  AIR  GAP: 

(a)  Greatly  lowers  the  efficiency. 

(b)  Greatly  lowers  the  power-factor  for  the  same  torque. 

(c)  Slightly  lowers  the  speed. 

(d)  Slightly  lowers  the  pull-out  point 

EFFECT  OF  CHANGING  THE  IMPRESSED  VOLTAGE: 

(a)  The  torque  varies  as  the  square  of  the  voltage,  —  for  the 
same  slip. 

(b)  The  slip  varies  approximately  inversely  as  the  square  of 
the  voltage,  —  for  the  same  torque. 

EFFECT  OF  CHANGING  THE  FREQUENCY: 

(a)  The  synchronous  speed  varies  directly  as  the  frequency, 
for  constant  voltage. 

(b)  The  core  loss  and  the  exciting  current  increase  as  the 
frequency  is  lowered,  with  the  same  voltage. 

(c)  To  operate  a  motor  on  other  than  the  standard  frequency, 
it  is  best  to  change  the  voltage  in  proportion  to  the  square  root 
of  the  frequency. 

THE  SPEED  OF  POLYPHASE  INDUCTION  MOTORS  IS 
CONTROLLED  COMMERCIALLY: 

(a)  By  varying  the  resistance  introduced  into  the  rotor; 

(b)  By  changing  the  number  of  the  stator  poles; 

(c)  By  joining  two  or  more  motors  in  cascade  or  concate- 
nation. 

TWO  INDUCTION  MOTORS  ARE  SAID  TO  BE  CON- 
CATENATED when  the  rotors  are  rigidly  connected  by  gears 
or  other  coupling,  while  the  stator  of  one  motor  is  connected 
to  the  line  and  its  rotor  is  connected  to  the  stator  of  the  other 
motor.    The  first  motor  must  have  a  wound  rotor. 

Such  a  combination  rotates  at  a  speed  equal  to  that  of  a  single 
motor  having  the  sum  or  difference  of  the  number  of  poles, 
according  as  direct  or  differential  concatenation  is  used. 

THE  INDUCTION  MOTOR  MAY  BE  USED  AS  AN  IN- 
DUCTION GENERATOR  when  its  stator  is  connected  to  a 
source  of  alternating  current  and  the  rotor  is  turned  above 
synchronous  speed  by  a  prime  mover.  When  so  used  as  an 
auxiliary  in  large  power  plants,  it  is  usually  run  by  a  turbine 
driven  by  the  exhaust  steam  from  the  reciprocating  engines. 
The  amount  of  power  delivered  is  proportional  to  the  (negative) 
slip.  The  machine  ceases  to  generate  when  short-circuited.  This 
generator  effect  is  made  use  of  for  the  "  regenerative  braking  " 
of  cars  supplied  with  polyphase  induction  motors.    As  soon 
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as  the  speed  of  a  coasting  car  causes  the  motor  to  exceed  the 
synchronous  speed,  the  power  returned  to  the  line  by  the  stator 
acts  as  a  brake.  Reactive  power  must  be  supplied  to  the  stator 
for  excitation. 

A  FREQUENCY  CHANGER  CAN  BE  ARRANGED  by  con- 
necting the  stator  of  an  induction  motor  to  a  line  of  lower  fre- 
quency (/s)  and  the  wound  rotor  to  the  line  of  higher  frequency 
(fi) .  The  rotor  is  turned  against  the  stator  flux  by  a  synchronous 
motor  attached  to  the  low-frequency  supply  mains,  at  a  speed  (n^) 

equal  to  -^^-r — ^  times  the  synchronous  speed  (n«)  of  the  rotor. 

The  electrical  power  taken  by  the  stator  from  the  low-fre- 

quency  line  equals ^ —  X  total  power  generated  in  the  rotor, 

n^  +  w. 

plus  the  iron  and  copper  losses  in  the  stator. 

The  mechanical  power  taken  by  the  rotor  (through  the  syn- 

chronous  motor)  from  the  low-frequency  line  equals ; 

X  the  total  electrical  power  generated  in  the  rotor. 

THE  CIRCLE  DIAGRAM  FOR  THE  INDUCTION 
MOTOR.  If  vectors  representing  the  currents  taken  by 
an  induction  motor  (from  zero  load  to  locked-rotor  condition) 
are  all  drawn  to  the  same  scale  and  from  the  same  point  on  the 
axes  of  reference,  the  ends  of  these  vectors  will  all  lie  in  the 
drciunference  of  a  semicircle.  The  diameter  of  this  semi- 
circle can  be  determined  from  the  no-load  current  and  power- 
factor  and  locked-rotor  current  and  power-factor,  both  being 
taken  at  rated  voltage.  From  this  semicircle,  can  be  deter- 
mined for  any  given  value  of  stator  current: 

(a)  The  effective  power,  reactive  power  and  power-factor. 

(b)  Copper  loss  in  stator  (by  also  measuring  the  stator 
resistance). 

(c)  Total  fixed  losses,  as  core  and  friction  losses. 

(d)  Rotor  copper  losses. 

(e)  Mechanical  output,  torque  and  efficiency. 

(f)  Slip,  speed  and  speed  regulation. 
SINGLE-PHASE  INDUCTION   MOTORS  wiU  operate  if 

started  and  brought  up  to  approximately  full  speed,  but  with 
smaller  torque  than  a  polyphase  motor  of  the  same  general 
dimensions.  The  flux  set  up  by  the  currents  induced  in  the 
rotor  combine  with  the  flux  set  up  by  the  current  in  the  stator 
windings  to  form  a  revolving  flux,  when  the  rotor  is  revolving. 
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This  resultant  flux  would  be  fairly  constant  in  value  if  the  rotor 
revolved  at  synchronous  speed,  but  the  slip  causes  it  to  vary 
in  value,  so  that  the  end  of  a  vector  representing  the  direction 
and  magnitude  of  resulting  flux  describes  an  ellipse,  and  not  a 
circle  as  in  the  case  of  a  polyphase  motor.  With  tiie  rotor  at 
rest,  this  ellipse  flattens  into  a  straight  line,  so  that  under 
these  conditions  the  field  does  not  revolve,  and  thus  no  starting 
torque  results. 

SINGLE-PHASE  INDUCTION  MOTORS  ARE  STARTED: 

(a)  By  hand,  in  the  very  small  sizes. 

(b)  By  supplying  split-phase  to  stardng-coils  on  the  stator.  A 
condenser  or  a  coil  with  high  inductance  is  put  in  series  with 
these  coils,  so  that  the  starting  current  through  them  sets  up  a 
flux  which  is  out  of  phase  with  the  flux  in  the  main  stator  coils. 
These  starting  coils  are  cut  out  when  the  rotor  attains  full 
speed.  A  special  phase-splitting  device  which  is  not  built 
into  the  motor  is  shown  in  Fig.  268,  for  starting  a  three-phase 
motor  on  a  single-phase  circuit. 

(c)  By  shading  coils,  which  consist  of  short-circuited  coils 
wound  on  the  trailing  tip  of  each  pole.  The  e.m.f .  set  up  by  the 
changing  flux  in  the  pole  causes  a  current  to  flow  in  these 
shading  coils  which  sets  up  a  flux  out  of  phase  with  the  flux  in 
the  remainder  of  the  pole.  This  causes  a  resultant  flux  wave 
to  sweep  across  the  pole  face,  dragging  the  rotor  with  it. 

(d)  By  repulsion  motor  action. 

THE  REPULSION  MOTOR  has  a  rotor  similar  to  a  direct- 
current  armature.  The  brushes  bearing  on  a  commutator  are 
short-circuited,  and  the  currents  induced  in  the  armature  coils 
set  up  poles  on  the  armature  surface.  The  brushes  are  so  placed 
that  the  poles  thus  set  up  are  slightly  out  of  line  with  the 
stator  poles,  and  the  mutual  repulsion  between  like  poles  on 
the  stator  and  armature  produces  the  torque.  The  general 
characteristics  of  a  repulsion  motor  are  those  of  a  d-c.  series 
motor.  The  starting  torque  is  large  and  the  speed  indefinitely 
high  at  no  load.    Speed  varies,  inversely  as  the  torque. 

In  using  the  repulsion  motor  effect  for  starting  a  single-phase 
induction  motor,  the  commutator  segments  are  automatically 
short-circuited  together  at  full  speed  by  centrifugal  force,  and 
the  brushes  lifted  to  reduce  friction  loss.  By  furnishing  the 
stator  with  compensating  field  coils,  excited  from  the  arma- 
ture by  means  of  a  second  set  of  brushes,  it  is  possible  to 
produce  a  negative  slip  at  no  load,  causing  leading  power- 
factor,  and  no  slip  at  full  load  with  tiie  resulting  unity  power- 
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factor.  Additional  squirrel-cage  windings  may  be  placed  on 
the  rotor  to  prevent  racing  at  no  load.  This  produces  a  sin^e- 
phase  motor  of  excellent  characteristics  but  of  somewhat 
reduced  efficiency. 

A  SERIES  MOTOR  TO  OPERATE  SATISFACTORILY  on 
alternating-current  circuits  must  be  designed  somewhat  differ- 
ently from  a  direct-current  series  motor,  which  would  operate 
inferiorly  on  an  alternating-current  circuit,  on  account  of  the 
following  inherent  characteristics: 

(a)  The  large  inductance  of  armature  and  field  windings  of 
the  d-c.  motor. 

The  field  reactance  of  an  a-c.  series  motor  is  reduced  by 
operating  the  motor  on  low  frequency  and  by  using  as  few 
turns  as  possible  in  the  field  windings.  The  air  gap  must  neces- 
sarily be  made  small  to  reduce  the  reluctance.  The  armature 
inductance  is  decreased  by  using  compensating  windings  on  the 
poles,  the  m.m.f.  of  which  exactly  neutralizes  tiie  armature 
m.m.f.  and  greatly  reduces  the  flux  produced  by  the  armature 
currents.  This  practically  reduces  the  armature  inductance 
to  zero.     The  power-factor  of  the  motor  is  thus  raised. 

(b)  The  increased  heating  in  the  armature  and  field  cores 
due  to  eddy  currents. 

This  is  avoided  in  the  a-c.  motor  by  laminating  the  field 
cores  and  yokes,  as  well  as  the  core  of  the  armature,  and  by 
using  lower  flux  densities.  An  a-c.  series  motor  is  therefore 
heavier  and  more  expensive  than  a  d-c.  series  motor  of  the  same 
horse  power. 

(c)  Excessive  sparking  at  the  brushes,  because  the  coils  short- 
circuited  by  the  brushes  are  cut  by  the  constantly  alternating 
flux.  These  short-circuit  currents  are  limited  by  introducing 
resistance  or  inductive  reactance  into  the  leads  connecting  tibe 
commutator  segments  to  the  tapping  points. 

The  operating  characteristics  of  an  alternating-current  series 
motor  are  similar  to  those  of  a  direct-current  series  motor.  It 
has  the  advantage,  however,  over  the  direct-current  machine 
of  being  easily  and  economically  controlled  as  to  speed,  by 
taking  its  voltage  from  the  taps  of  an  autotransformer,  instead 
of  having  the  voltage  controlled  by  series  resistances,  with  the 
accompanying  I^R  loss. 


PROBLEMS  ON  CHAPTER  VH 

Plt>b.  85-7.  (a)  What  percentage  taps  must  be  used  on  the 
compensator  for  the  7i-h.p.  120(>-r.p.m.  motor  of  Table  I,  to  start 
it  with  a  current  equal  to  rated-load  current?  (6)  What  will  be 
the  starting  torque  under  this  condition,  as  percentage  of  rated- 
load  torque? 

Prob.  8^7,  The  5-h.p.  1800-r.p.m.  motor  of  Table  I  is  started 
by  means  of  a  star-delta  switch  from  a  line  whose  pressure  is  equal 
to  the  rated  voltage  of  the  motor.  Calculate,  as  percentages  of 
the  corresponding  values  at  rated  load,  (a)  starting  torque;  (6) 
starting  current. 

Prob.  87-7.  The  voltage  of  the  supply  line  to  the  4(>-h.p.  900- 
r.p.m.  induction  motor  of  Table  I  drops  20  per  cent  at  the  moment 
of  starting  the  motor  on  account  of  the  large  value  and  low  power- 
factor  of  the  starting  current.  By  what  percentage  are  the  values 
of  starting  torque  and  of  starting  current  greater  or  less  than  they 
would  have  been  if  the  line  voltage  had  been  unaffected? 

Prob.  88-7.  What  effect  would  be  produced  upon  the  starting 
torque  of  a  squirrel-cage  induction  motor  if  the  end  rings  of  the 
rotor  are  notched  with  a  file  or  a  hacksaw  at  frequent  intervals 
between  the  points  where  the  rotor  bars  connect  to  them? 

Prob.  8^7.  From  the  curves  of  Fig.  254,  obtain  data  for  cal- 
culating and  drawing  another  curve  having  as  abscissas  the  rotor 
circuit  resistance,  and  as  ordinates  the  total  PR  loss  in  the  motor 
at  starting  as  percentage  of  the  total  PR  loss  at  rated  load  and 
maximum  speed. 

Pn)b.  90-7.  From  the  results  of  Prob.  89  and  from  Fig.  254 
construct  a  curve  having  as  abscissas  the  starting  torque  as  per 
cent  of  full-load  torque,  and  as  ordinates  the  PR  loss  at  starting  as 
per  cent  of  PR  loss  at  rated  load.    Discuss  the  form  of  this  ciure. 

Prob.  91-7.  Notice  from  Fig.  254  that  we  may  develop  the 
same  starting  torque  (of  200  per  cent  rated  torque,  let  us  say)  with 
either  of  two  different  values  of  resistance  per  rotor  circuit.  For 
each  of  these  values  calculate  the  total  PR  loss  in  rotor  as  per  cent 
of  PR  at  rated  load,  and  on  the  basis  of  these  figures  state  which 
adjustment  of  the  rotor  resistance  is  preferable. 
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Prob.  92-7.  The  motor  of  Fig.  254  is  adjusted  to  produce  its 
maximum  starting  torque,  and  the  motor  of  Fig.  255  is  adjusted 
to  produce  an  equal  starting  torque.  The  two  motors  are  rated 
exactly  the  same  for  full  load.  Calculate:  (a)  Ratio  of  starting 
current  for  wound-rotor  motor  to  starting  current  for  squirrel- 
cage  motor;  (6)  similar  ratio,  between  PR  losses  at  moment  of 
starting. 

Prob.  9S-7.  To  what  value  would  the  efficiency  at  rated-load 
torque  of  the  motor  in  Fig.  258  be  raised  if  the  air  gap  were  length- 
ened 80  as  to  have  a  power-factor  10  per  cent  lower  than  shown 
for  this  load  by  the  power-factor  curve,  other  things  being  equal? 

Prob.  94-7.  From  the  data  of  Table  II  for  a  5-h.p.  1140-r.p.m. 
motor  calculate  the  reactive  volt-amperes  supplied  to  the  motor 
A^  iy  i)  f  7 1)  li  times  rated  load.  Draw  a  curve  setting  forth  these 
results,  and  discuss  the  significance  of  the  curve. 

Prob.  96-7.  From  the  data  of  Table  II  determine  how  many 
kv-a.  of  generator  capacity,  and  how  many  kw.,  would  be  required 
to  drive:  (a)  A  10-h.p.  850-r.p.m.  motor  at  halJf  load;  (6)  a  5-h.p. 
850-r.p.m.  motor  at  full  load.  Discuss  the  significance  of  these 
figures,  in  view  of  the  fact  that  both  motors  are  delivering  the 
same  power  at  approximately  the  same  speed  —  that  is,  perform- 
ing identically  the  same  service. 

Prob.  96-7.  Solve  Prob.  95-7  with  relation  to:  (a)  A  2-h.p. 
1140-r.p.m.  motor  at  half  load;  (6)  a  1-h.p.  1140-r.p.m.  motor  at 
full  load. 

Prob.  97-7.  Table  II  gives  the  efficiency  at  various  fractions  of 
full-load  horse-power  output.  Assuming  that  the  slip  varies  in 
direct  proportion  to  the  torque,  calculate  from  the  data  of  full  load 
in  Table  II  the  values  of  efficiency  at  J,  I,  f ,  1  and  ij  times  rated- 
load  torque  for  a  20-h.p.  1140-r.p.m.  motor.  Is  the  efficiency  curve 
appreciably  different  whether  drawn  with  respect  .to  power  or 
torque  output  as  abscissas? 

Prob.  9a-7.  For  the  20-h.p.  1140-r.p.m.  motor  of  Table  II 
wound  3-pha;3e  250  volts,  calculate  the  values  of  amperes  input 
(per  line  wire)  and  of  torque  (pound-feet)  per  ampere,  at  J,  i,  f , 
1  and  1|  times  rated-load  power  output. 

Prob.  99-7.  From  the  data  of  Table  II,  determine  how  many 
kw.  and  kv-a.  generator  capacity  would  be  required  to  deliver 
5-h.p.  from  an  induction  motor  operating  at  full  load:  (a)  At 
1140  r.p.m.;  (&)  at  850  r.p.m.  Discuss  the  significance  of  theee 
figures. 
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Prob.  100-7.  From  the  data  of  Table  II  calculate  the  overall 
efficiency  of  motor  and  mechanical  transmission  to  a  machine 
driven  by:  (a)  A  10-h.p.  850-r.p.m.  motor  coupled  directly  to  the 
machine  and  operating  at  full  load;  (6)  a  10-h.p.  1140-r.p.m. 
motor  delivering  same  power  to  the  machine,  but  through  gearing 
or  belting  which  absorbs  10  per  cent  of  the  power  of  the  motor. 
Discuss  the  results. 

Prob.  101-7.  Calculate  the  kw.  and  kv-a.  of  generator  capacity 
required  per  horse  power  available  at  the  shaft  of  the  driven  ma- 
chine, for  cases  (a)  and  (6)  of  Prob.  100-7.    Discuss  the  results. 

Prob.  loa-7.  The  motor  of  Fig.  258  is  required  to  operate  at  a 
speed  as  near  as  practicable  to  500  rev.  per  min.  against  a  torque 
of  150  pound-feet.  Determine:  (a)  At  what  point  must  the 
controller  be  set?  (6)  What  will  be  the  actual  speed  of  the  motor 
at  the  given  torque?  (c)  What  is  the  horse-power  output  of  the 
motor  under  this  condition?  (d)  What  will  be  the  speed  regulation 
in  per  cent,  if  this  load  be  suddenly  removed? 

Prob.  108-7.  What  should  be  the  efficiency  of  the  motor  of  Fig. 
258  operating  under  the  conditions  stated  in  Prob.  102-7?  Note 
that  the  efficiency  curve  of  Fig.  258  corresponds  to  the  speed-torque 
curve  shown,  in  dotted  line,  as  "inherent  speed-torque  character- 
istic." 

Prob.  104-7.  The  efficiency  curve  of  Fig.  258  corresponds  to 
that  amount  of  resistance  in  the  rotor  circuit  which  gives  the  speed- 
torque  relation  shown  by  the  dotted  line  marked  "speed-torque 
characteristic"  —  that  is,  with  the  rotor  short-circuited.  Cal- 
culate what  efficiency  (per  cent)  would  be  obtained  when  the  motor 
produces  50,  100,  150,  200,  250  and  300  pound-feet  of  torque  while 
operating  on  the  last  step  (No.  8)  of  the  controller. 

Prob.  106-7.  An  8-pole  wound-rotor  induction  motor  rated 
25  h.p.,  1150  r.p.m.,  60  cycles;  240  volts  (3-phase),  is  operating 
against  rated-load  torque  at  rated  voltage  and  frequency,  but  with 
the  controller  set  so  that  the  rotor  circuit  resistances  have  four 
times  their  normal  (inherent)  value.  If  the  efficiency  at  full  rated 
load,  without  external  resistance  in  rotor  circuits,  is  88  per  cent, 
calculate:  (a)  Speed  at  rated-load  torque  with  increased  resistance; 
(b)  efficiency  under  these  conditions. 

Prob.  106-7.  For  the  frequency  changer  of  Prob.  70-7,  cal- 
culate and  draw  curves  having  as  abscissas  the  rotor  speed  expressed 
as  percentage  of  synchronous  speed  (of  stator  flux),  and  as  ordinates 
the  following:   (a)  Electrical  power  input  to  stator  as  per  cent  of 
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total  electrical  power  generated  in  rotor;  (&)  mechanical  power  in- 
put to  rotor  as  per  cent  of  total  electrical  power  generated  in  rotor; 
(c)  voltage  generated  in  each  rotor  circuit  as  percentage  of  voltage 
generated  at  60  cycles  per  second;  (d)  reactance  of  each  rotor 
circuit  as  percentage  of  its  reactance  at  60  cycles  per  second.  Neg- 
lect all  losses  in  the  induction  generator,  aad  assume  that  the 
current  output  and  leakage  inductance  are  constant.  Consider 
the  delivered  frequency  to  vary  from  0  to  60  cycles  per  second. 


CHAPTER  VIII 
THE  SYNCHRONOUS  MOTOR 

In  studying  the  parallel  operation  of  alternators,  we 
noted  that  if  the  power  is  shut  off  from  an  alternator  which 
is  operating  in  parallel  with  other  similar  machines,  the 
alternator  will  not  stop,  but  will  draw  power  from  the  other 
alternators  and  continue  to  run  at  synchronous  speed. 
Such  a  generator  has  thus  become  a  synchronous  motor, 
so-called  because  at  all  loads  from  no  load  to  the  maximum 
load,  it  operates  in  synchronism  with  the  frequency  of  line. 
Why  the  rotor  always  revolves  in  s>Tichronism  with  the  line 
frequency  will  be  shown  in  the  next  articles. 

113.  Running  Torque  and  Speed  of  a  Synchronous  Motor. 
In  Fig.  286,  the  rotating  field  is  assumed  to  be  revolving 
counter-clockwise  at  synchronous  speed.  The  four  poles 
are  excited  by  a  direct  current  supplied  to  the  coils  through 
the  rings.  In  the  armature,  the  ends  of  the  conductors 
composing  the  two  phases  A  and  B  are  shown,  —  A  by 
hollow  circles  and  B  by  soUd  circles.  The  current  has  a 
maximum  value  in  phase  A  at  the  instant  shown  and  there- 
fore is  zero  in  phase  5,  which  has  a  phase  difference  of  90° 
with  A.  Assume  the  current  in  phase  A  to  be  in  at  the  top 
and  the  bottom  and  out  at  the  sides.  Considering  pole  I, 
which  is  a  North  pole,  we  see  that  the  action  of  the  flux  on 
the  conductors  at  the  top  (which  are  carrying  a  current  in) 
is  such  as  to  tend  to  push  the  conductors  to  the  right.* 

*  Left-hand  rule  for  motoiB.  Extend  the  thumb,  forefinger  and 
middle  finger  of  the  left  hand  at  right  angles  to  one  another.  If  the 
forefinger  points  in  the  direction  of  the  field  flux  and  the  middle  finger 
in  direction  of  the  current  in  the  wire,  the  thumb  will  indicate  the 
direction  in  which  the  conductor  is  urged. 
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But  the  conductors  of  phase  A  are  imbedded  in  a  stationary 
frame  and  cannot  move  to  the  right.  Therefore  the  north 
pole  I,  being  free  to  move/ is  urged  to  the  left  in  a  counter- 
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Fig.  286.  Diagram  of  a  two-phase  four-pole  synchronous  motor  of  the 
revolving-field  type.  The  reaction  between  the  current  in  the  stator 
winding  and  the  field  poles  causes  a  torque  which  urges  the  field  poles 
to  rotate  in  a  counter-clockwise  direction. 

clockwise  direction.  Similarly  the  other  poles,  being  di- 
rectly opposite  the  windings  of  phase  A  are  being  urged  in 
a  counter-clockwise  direction.  If  each  field  pole  is  to  rotate 
in  synchronism  with  the  alternations  of  the  line  currents,  then 
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in  one-quarter  of  a  cycle  later  (90  electrical  degrees)  the 
poles  must  all  move  from  under  the  conductors  of  phase  A 
to  the  corresponding  position  under  the  conductors  of  phase 
B,  Thus  pole  I  would  move  to  the  left  to  a  position  under 
the  three  wires  of  phase  B  marked  1,  pole  II  to  a  position 
under  the  three  wires  of  phase  B  marked  2,  etc.  But  by 
this  time  the  conductors  1,  1,  1,  of  phase  B  will  be  carrying 
a  maximum  current  of  in,  and  conductors  2,  2,  2,  a  max- 
imum current  of  out,  and  the  current  in  phase  A  will  be 
zero.  Thus  the  poles  will  receive  a  push  in  a  counter-clock- 
wise direction  from  phase  B.  Similarly,  after  another  period 
of  90  electrical  degrees,  pole  I  will  be  opposite  the  left  side 
conductors  of  phase  A,  but  the  current  now  will  have  reached 
a  maximum  value  in  the  opposite  direction  and  will  be  flow- 
ing in,  as  it  is  180  degrees  since  pole  I  was  under  the  top 
coils.  Thus  again  the  poles  receive  an  impetus  in  the  counter- 
clockwise direction. 

Each  pole  is  moved  in  this  manner  7  of  a  revolution  in 
J  of  a  cycle,  or  ^  of  a  revolution  in  1  cycle.  The  rotor  thus 
makes  1  revolution  every  two  cycles.  If  the  frequency  is 
60  cycles  a  second,  the  rotor  makes  ^  or  30  revolutions  a 
second  or  1800  revolutions  a  minute. 

The  speed  of  any  synchronous  motor  can  be  computed  as 
above  or  from  the  equation 

V 
where 

S  =  speed  in  r.p.m. 

/  =  frequency  in  cycles  per  sec. 

p  =  number  of  pairs  of  poles. 

Thus  the  speed  of  our  4-pole  motor  on  a  60-cycle  line 
would  be  found  as  follows: 

o     60X60 
=  1800  r.p.m. 
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Prob.  1-8.  At  what  speed  will  a  12-pole  S-phase  25-cycle 
synchronoua  motor  operate? 

Prob.  2-8.  How  many  poles  must  a  synchronous  motor  have 
in  order  to  operate  at  514  r.p.m.  on  a  60-cycle  line? 

Prob.  8-8.  At  what  speed  will  the  motor  of  Prob.  2  operate  on 
a  25-cycle  line? 

114.  Counter  E.M.F.,  Armature  Current,  and  Synchro- 
nous Position.  When  in  motion^  the  rotor  of  every  motor 
always  sets  up  a  counter  e.mi.  in  the  armature  windings. 
Just  as  the  e.m.f.  impressed  on  the  armature  windings  has 
approximately  a  sine  wave-form,  so  the  counter  e.m.f.  in- 
duced by  the  motion  of  the  field  poles  has  approximately  a 
sine  wave-form.  The  pole-face  is  so  shaped  and  the  armature 
conductors  are  so  distributed  that  this  form  of  wave  is  pro- 
duced. Therefore  the  current  which  flows  in  the  armature 
winding  is  due  to  the  resultant  of  the  impressed  voltage  and 
the  counter  e.m.f.,  both  of  sine  wave-form.  If  the  phase  of 
the  counter  e.m.f.  were  exactly  opposite  that  of  the  impressed 
e.m.f.,  the  resultant  e.m.f.  would  always  be  exactly  their 
arithmetical  difference,  as  in  a  direct-current  motor. 

But  the  counter  e.m.f.  can  never  be  exactly  opposite  the 
impressed  voltage  in  phase.  That  is,  the  armature  conduc- 
tors are  not  being  cut  at  the  greatest  rate  by  the  rotating 
field  at  exactly  the  instant  at  which  the  impressed  e.m.f. 
reaches  its  maximum,  as  it  would  appear  from  Fig.  286. 

We  have  said  that  at  the  instant  shown  in  Fig.  286,  the 
impressed  e.m.f.  in  the  conductors  at  the  top  is  a  maximum. 
As  Fig.  286  is  constructed,  the  induced  counter  e.m.f.  must 
also  be  a  maximum  at  this  instant.  This  exact  condition 
of  affairs  can  never  exist  in  a  real  machine.  Such  a  condi- 
tion would  result  in  a  power  intake  of  almost  zero  and  the 
machine  would  have  to  slow  down.  This  can  be  seen  from 
the  following  example  in  which  we  will  compute  the  power 
intake  on  the  assumption  that  the  counter  e.m.f .  reaches  its 
maximum  at  the  same  instant  that  the  impressed  e.m.f.  is  a 
maximum  in  the  opposite  direction. 
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Example  1.  Let  us  assume  that  the  capacity  of  the  motor  in 
Fig.  286  is  1500  kv-a.,  that  the  impressed  voltage  on  phase  A 
is  6500  volts,  and  that  the  counter  e.m.f.  is  6000  volts.  Since 
we  have  assimied  that  the  e.mi.'s  both  reach  their  maximum 
values  at  the  same  instant  the  vector  E  (in  Fig.  287)  representing 
the  6000  volts  counter  e.mi.  will  be  exactly  opposite  in  direction 

Ei«500 

-> A  > 


E»6000 
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V 
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Fig.  287.  Vector  diagram  of  the  current  per  phase,  counter  e.m.f.  and 
impressed  e.m.f.  of  the  synchronous  motor  of  Fig.  286.  The  counter 
ejn.f.  E  is  exactly  opposite  in  phase  to  the  impressed  e.in.f.  Ex'  The 
resultant  e.m.f.  Ei  sends  the  armature  current  /  through  the  armature 
windings. 

to  Ex  which  represents  the  6500  impressed  volts.  The  resulting 
voltage,  which  tends  to  send  a  current  through  the  armature  will 
be  500  volts,  represented  by  Ei,  in  phase  with  the  impressed  voltage 
Eg, 

The  amount  of  current  which  Ei  will  send  through  the  armature 
depends  upon  the  synchronous  impedance  of  the  armature.  The 
impedance  of  the  armature  of  a  synchronous  motor  is  composed 
practically  entirely  of  reactance,  there  being  usually  over  fifty  times 
as  much  reactance  as  resistance.  Fair  values  for  a  1500  kv-a.  ma^ 
chine  for  this  voltage  would  be  9  ohms  reactance  and  0.100  ohm 
resistance  per  phase. 

The  impedance  =  V9*  +  0.100* 

=  9  ohms. 

r^  ,  500 

/     7    The  armature  current  per  phase  =  -jr- 

=  55.6  amp. 

This  current  of  55.6  amp.  would  lag  behind  the  500  volts  by  an 

9 
angle  the  tangent  of  which  would  equal  or  90.    This  angle 

U.XvR/ 

is  89**  21.6'.  The  vector  /  in  Fig.  287  thus  represents  this  current 
of  55.6  amperes  lagging  89"*  21.6'  behind  Ei, 
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The  power  received  by  the  motor  can  now  be  found. 

P  =  EzC0s6  ^I^ 

=  6500X65.6  cos  89**  21.6' 
=  6500  X  55.6  X  0.0111 
=  4010  watts. 

The  two  phases  would  be  supplied  with  only  2  X  4.01,  or  8.02  kw. 
Even  running  Ught,  a  machine  of  this  size  must  take  between  30 
and  40  kUowatts  to  supply  the  various  losses.  Thus,  if  at  the 
instant  at  which  this  motor  was  allowed  to  take  power  from  the 
line,  it  was  rotating  in  synchronism  with  its  counter  e.m.f.  exactly 
opposite  in  phase  to  the  impressed,  it  could  not  maintain  this 
position,  because  it  would  not  be  drawing  enough  power  from  the 
line  to  overcome  its  own  internal  losses.  It  must  therefore  slow 
down,  and  if  the  power  suppUed  to  it  does  not  then  increase  it  must 
at  length  come  to  rest. 

But  let  us.  now  examine  the  conditions  when  as  they  are  slowing 
down,  the  field  poles  have  dropped  back  but  lO*'  (in  time)  from  the 

El  — 1200 


E,-eBOO 


I  — 1«.2 

Fig.  288.  Vector  diagram  for  the  conditions  of  the  synchronous  motor 
of  Fig.  286  and  287,  when  the  rotor  has  dropped  back  10^  from  the 
position  shown  in  Fig.  286  and  287.  The  resultant  voltage  Ei  has 
now  become  1200  volts  and  forms  133.2  amperes  through  the  arma- 
ture windings.  This  current  still  lags  89°  21.6'  behind  the  resultant 
voltage  El  but  only  28"^  54'  behind  the  impressed  voltage  Ex. 

position  shown  in  Fig.  286.  Assuming  that  the  values  of  the  in- 
duced and  counter  e.m.f  .'s  remain  the  same  as  before,  we  can  repre- 
sent the  impressed  6500  volts  by  the  vector  Eg,  Fig.  288,  and  the 
counter  e.m.f.  of  6000  volts  by  the  vector  E^  lagging  10®  behind 
the  position  it  had  in  Fig.  286  and  287. 

The  resulting  voltage  Ei  =  Ve^^  +  E*  +  2  EJE  cobIIO'' 


Current  through  armature  = 


=  1200  volts. 
1200 


9 
»  133.2  amp. 


THE  SYNCHRONOUS  MOTOR  547 

The  angle  a  can' be  foimd  from  the  cosine  law  for  tranglee.* 

6000>  »  1200>  +  650(F  -  2  X  1200  X  6600  oce  a, 

1200*  +  6500»  -  6000« 

cos  a  » 

2  X  1200  X  6600 

=  0.493, 

a  =  60**  28'. 

Afl  before,  ^  «  89^  21.6', 

6  =  89**  21.6'  -  60**  28'. 

»  28**  54'  lagging. 

The  power-factor,  cos  ^  =  0.875. 
Power  received  by  phaae  A : 

Pa  =  6500  X  133.2  X  cos  28*  64 
=  757  kw. 

Power  received  by  two  phases 

=  1514  kw. 

This  power  would  be  more  than  sufficient  to  supply  all  the  losses. 
Thus  the  rotor  would  not  only  continue  to  turn  in  synchronism 
but  could  deliver  some  power  to  the  shaft.  In  fact,  if  there  were 
no  load  on  the  shaft,  it  would  result  in  a  dangerous  condition  of 
non-equilibrium  for  the  rotor  to  get  10**  behind  the  stator.  The 
rotor  would  immediately  surge  ahead  with  great  momentum  and 
would  be  likely  to  start ''  hunting. ''  (See  Art.  120.)  The  unloaded 
motor  would  therefore  not  be  likely  to  drop  back  as  much  as  10**, 
but  only  untU  it  reached  a  position  at  which  the  power  intake  would 
exactly  equal  the  losses  in  the  motor.  On  the  other  hand,  if  the 
total  load  on  the  motor  were  greater  than  1514  kw.,  the  rotor  would 
fall  back  still  further  in  order  to  take  in  more  power.  When  it 
reached  a  position  such  that  the  intake  exactly  equaled  the  output 
plus  the  losses,  the  rotor  would  continue  to  rotate  in  synchronism 
with  the  fr^uency  of  the  line.  This  running  position  of  the  rotor 
is  called  the  synchronous  position. 

116.  Mazimuin  Load  for  a  Synchronous  Motor.  Con- 
stant Field.  From  the  above  it  is  seen  that  in  order  to 
carry  an  increased  load,  the  rotor  of  a  synchronous  motor 
merely  drops  back  with  reference  to  the  stator.  But  it  must 
not  be  assumed  this  process  of  dropping  back  can  proceed 
indefinitely  and  the  motor  carry  an  infinitely  large  load. 

*  See  page  510,  First  Course. 


r    . 
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In  order  to  determine  the  load  limit  of  the  motor,  let  us 
assume  for  simplicity  that  the  field  strength  is  such  that  the 
counter  e.m.f .  exactly  equals  the  impressed  e.m.f.,  6500  voltri, 
and  compute  the  armature  current  and  power  delivered  by 
one  phase  of  this  two-phase  motor,  as  the  rotor  drops  further 
back.  ^  Constructing  diagrams  similar  to  Fig.  288  and  289, 
we  can  compute  the  armature  current  and  power  input.  The 
mechanical  power  which  is  developed  in  each  phase  can  then 
be  found  by  subtracting  the  PR  loss  in  the  armature.  Tabu- 
lating the  results  as  in  Table  A,  we  note  that  the  mechanical 
power  developed  by  the  motor  continues  to  increase  as  the 
rotor  drops  back  until  there  is  a  phase  difference  of  approx- 
imately 90°  between  the  rotor  and  the  stator.  At  this 
position,  the  armature  current  is  1021  amperes  and  the  power 
input,  4745  kw.  per  phase.  The  armature  PR  loss  is  104  kw., 
and  the  power  developed,  4641  kw.  Any  further  dropping 
back  causes  the  armature  current  to  increase,  but  the  in- 
crease in  the  armature  PR  loss  and  the  large  decrease  in 
the  power-factor  cause  the  total  mechanical  power  developed 
to  decrease. 

Thus  if  we  put  a  greater  total  load  on  this  motor  than 
4641  kw.  per  phase,  the  rotor  would  drop  back  more  than 
90°  in  an  attempt  to  carry  it.  This  would  cause  a  decrease 
in  the  power  intake  and  therefore  the  load  would  be  more 
than  the  power  received  by  the  motor.  This  would  cause 
the  rotor  to  stop.  If  the  voltage  were  still  maintained 
across  the  terminals,  the  excessive  armature  current  would 
injure  the  windings. 

This  90°  position  of  the  rotor  is  called  the  "pull-out" 
position  for  this  motor  and  the  load  at  this  position,  the 
"pull-out"  load.  Synchronous  motors  are  usually  designed 
to  operate  at  about  one-fifth  or  one-sixth  of  the  pull-out 
load  because  the  machine  is  unstable  at  this  point.  Accord- 
ingly, the  windings  of  a  commercial  machine  are  not  heavy 
enough  to  carry  the  maximum  load  current  except  for  a 
second  or  so  without  injury  to  the  insulation.    By  inspection 
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of  Table  A,  it  will  be  seen  that  this  motor,  designed  to  cany 
J-V^  or  750  kw.  per  phase,  "pulls-out"  at  4641  kw.  or  about 
6  times  the  normal  load.  Note  that  the  armature  PR  loss  is 
104  kw.  at  the  pull-out  load  but  less  than  1.6  kw.  at  the 
normal  load.  It  is  easy  to  see  how  rapidly  a  machine  de- 
signed for  an  PR  loss  of  less  than  1.6  kw.  would  heat  up  when 
this  loss  became  104  kw. 

It  must  not  be  assumed  that  the  "pull-out"  position  of  every 
synchronous  motor  must  occur  when  the  rotor  lags  90®  with  respect 
to  the  stator,  with  the  induced  e.m.f.  equal  to  the  impressed  e.mi. 
This  is  true  only  when  the  synchronous  armature  reactance  X  is 
so  much  greater  than  the  armature  resistance  R^  that  the  armature 
current  /  lags  approximately  90°  behind  the  resultant  voltage  Eu 
Since  this  is  the  case  in  practically  all  modern  synchronous  motois, 
it  is  imnecessary  to  discuss  examples  in  which  the  armature  re- 
sistance is  a  larger  fraction  of  the  reactance.  It  can  be  proved, 
however,  that  the  maximum  load  always  occurs  when  the  rotor 

X 
has  dropped  back  through  an  angle  whose  value  is  arc  tan  —  or 

K 

R 
arc  cos  —  •  See  Art.  119  and  Fig.  293a. 

Li 

The  effect  of  changing  the  field  strength,  and  thereby 
changing  the  induced  voltage,  is  explained  in  the  succeeding 
articles.  In  general,  a  strong  field  increases  the  "pull-out" 
load  while  a  weak  field  may  greatly  lessen  it,  because  of  the 
unstable  condition  which  arises. 

Prob.  4-8.  What  would  be  the  "pull-out"  load  (output  per 
phase)  on  a  synchronous  motor  if  the  field  strength  were  such  that 
the  counter  e.m.f.  per  phase  was  3000  volts  when  the  impressed 
e.m.f.  was  3300  volts.  Armature  resistance  is  0.15  ohm  per  phase 
synchronous  reactance,  7.5  ohms  per  phase.  Plot  a  curve  between 
output  and  angle  X°  (Table  A)  using  as  values  of  Z**,  70**,  75**,  80**, 
82**,  84^  86^  88**,  90°,  92°,  94°,  96°,  98°,  100°,  105°. 

Prob.  5-8.  What  input  does  each  phase  of  the  motor  in  Prob.  4 
take  when  the  power-factor  is  90  per  cent  lagging  with  the  same 
field  excitation  as  in  Prob.  4? 

Prob.  6-8.  What  will  be  the  synchronous  position  of  the  rotor 
of  the  motor  in  Prob.  5  under  the  conditions  of  that  problem? 
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TABLE 

A 

Angle 
through 

which 
rotor  haa 
dropped 

back 

x\ 

0° 

5° 

10° 

15° 

30° 

60° 

80° 

90° 

100° 

110° 

120° 

150° 

Resultant 
voltage  in 
armature, 

^1. 

Cur- 
rent 

phase, 

1  • 

Angle 

between 

improooed 

voltage  and 

current 

9\ 

Power- 
factor. 

Power 

delivered 

to  motor 

per  phase. 

kw. 

Arma- 
ture 
/«« 
losBper 
phase, 
kw. 

Total 
mechani- 
cal power 
developed 
per  phase, 
kw.       1 

0 

567 

1,133 

1,695 

3,365 

6,500 

8,356 

9,191 

9,960 

10,648 

11,358 

12,557 

0 

63.0 
125.9 
188.3 
373.9 
722.2 
928.4 

1021 

1107 

1183 

1262 

1395 

0 

1°51.6' 
4°  21.6' 
6°  51.6' 
14°  21.6' 
29°  21.6' 
39°  21.6' 
44°  21.6' 
49°  21.6' 
54°  21.6' 
59°  21.6' 
74°  21.6' 

0 

0.9995 

0.997 

0.993 

0.969 

0.872 

0.773 

0.715 

0.651 

0.583 

0.510 

0.270 

0 
409.3 
815.9 

1215 

2355 

3830 

4666 

4745 

4693 

4423 

4180 

2445 

.  •  .  . 
0.4 
1.6 
3.5 
14 
52 
86 
104 
123 
140 
159 
195 

408.9 
814.3 

1211.5 

2341 

3778 

4580 

4641 

4570 

4283 

4021 

2250 

116.  General  Effect  of  Varying  the  Field  Strength  of  a 
Synchronous  Motor.  It  thus  is  evident  that  although  the 
rotor  of  a  synchronous  motor  rotates  in  sjoichronism  with 
the  alternations  of  the  line  e.ni.f.  and  current,  still  its  posi- 
tion relative  to  the  poles  produced  by  the  current  in  the 
armature  windings  depends  upon  the  load,  —  the  greater 
the  load  the  further  the  induced  e.m.f.  lags  behind  the  im- 
pressed e.m.f.  This  action  is  very  unlike  that  of  a  direct- 
current  shunt  motor  which  diminishes  in  speed  as  the  load 
is  increased  and  thus  produces  less  counter  e.m.f.,  so  that  a 
greater  part  of  the  impressed  e.m.f.  can  be  used  in  sending 
current  through  the  armature  windings.  Since  the  speed 
of  a  synchronous  motor  is  constant,  it  cannot  cause  any  de- 
crease in  the  counter  e.m.f.,  but  must  produce  a  resultant 
voltage  by  a  change  in  the  phase  relations  between  the  im- 
pressed e.m.f.  and  the  counter  e.m.f.  In  fact,  the  value  of  the 
counter  e.m.f.  is  determined  entirely  by  the  strength  of 
the  field  current,  which  can  be  controlled  independently  of 
the  load  on  the  motor.  In  Example  1,  we  have  assumed 
that  the  field  strength  was  great  enough  to  produce  a  counter 
e.m.f.  of  6000  volts  at  synchronous  speed  of  the  rotor  when 
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the  impressed  e.m.f.  was  6500  volts.  By  increasing  the  field 
strength,  the  counter  e.ra.f.  may  be  made  exactly  equal  to 
the  impressed  e.m.f.,  since  the  rotor  cannot  fall  off  in  speed 
as  the  rotor  of  a  direct-current  motor  does. 

Let  us  assume  that  the  phase  relation  of  the  counter  e.m.f . 
remains  the  same  as  before,  180°+  10°  behind  the  impressed 
e.m.f.,  and  see  the  effect  of  making  the  counter  e.m.f.  equal 
the  impressed  e.m.f. 


d  =  4''21.6'        1=125.0 

Fig.  289.  Vector  diagram  of  current  and  voltage  conditions  of  the 
synchronous  motor  shown  in  Fig.  286,  287  and  288,  where  the  counter 
e.m.f.  is  made  equal  to  the  impressed  e.m.f.  and  has  dropped  back  10° 
from  the  position  shown  in  Fig.  287. 

We  construct  Fig.  289,  similar  to  Fig.  288,  except  that  the 
counter  e.m.f.  E  has  a  value  of  6500  volts  equal  to  the  im- 
pressed e.m.f.  Ex. 

The  resultant  voltage  across  the  armature, 

El  =  V65002  +  6500*  +  2  X  6500*  cos  170° 

=  1133  volts. 

,1133 

^  =  "9~ 

=  125.9  amp 

170° 
a  =  iy-  =  85°. 

e  =  89°  21.6'  -  85° 
=  4°  21.6' lagging. 

The  power-factor: 

cos^  =  cos  4°  21.6' 
=  0.997. 
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The  power  received  by  phase  A  from  the  line  wires  at 
6500  volts: 

Pji  =  6500  X  125.9  X  0.997 
=  815.9  kw. 

Note  that  the  power  received  per  phase,  815.9  kw.,  is  some- 
what more  than  the  739  kw.  it  received  when  the  field  was 
weaker,  and  that  the  power-factor  is  greater,  being  now  0.997 
against  0.875  for  the  weaker  field.  The  current  has  swung 
around  a  little  nearer  to  the  impressed  voltage. 

By  increasing  the  field  strength  still  more,  the  counter 
e.m.f.  may  be  further  increased.    Let  us  assume  that  we 


:^=:»i 


Ejc=6500 


Fig.  290.  Vector  diagram  showing  the  conditions  when  the  count<?r 
e.m.f.  has  been  made  7500  volts,  but  the  rotor  position  remains  10° 
beliind  the  phase  of  the  stator  flux. 

increase  the  field  strength  enough  to  raise  the  counter  e.m.f. 
to  7500  volts,  having  the  same  phase  difference  with  the  im- 
pressed e.m.f.  as  before.  The  resulting  voltage  Ei,  Fig.  290, 
now  becomes 

El  =  V75002  +  6500^  +  2  X  7500  X  6500  X  cos  170° 
=  1576  volts. 
J  ^  1576 
9 
=  175.1  amp. 

7500^  +  1576^  -  6500' 
^^®  ^  2  X  7500  X  1576 

=  0.697. 
Angle  ^  =  45°  50'. 

a  =  170°  -  45°  50' 
=  124°  10'. 
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e  =  124°  10'  -  89°  21.6' 
=  34°  48.4'  leading. 
Power-factor,  cos  ^  =  0.821. 
Power  delivered  per  phase  to  motor, 

P  =  6500  X  175.1  X  0.821 
=  934  kw. 

Note  that  the  power  delivered  to  the  motor  has  increased 
somewhat,  but  also  that  the  motor  is  now  taking  a  leading 
current. 

The  power-factor  of  a  synchronous  motor  can  be  controlled 
by  means  of  the  field,  —  a  weak  field  producing  a  lagging 
current  and  a  strong  field  a  leading  current.  Of  course  the 
field  may  be  so  adjusted  that  the  current  is  exactly  in  phase 
with  the  impressed  voltage,  and  the  power-factor  is  unity. 
In  later  articles  this  effect  will  be  taken  up  in  detail. 

117.  Most  Economical  Field  Excitation  for  a  Given 
Load.  V-Curves.  In  the  above  example  we  have  allowed 
the  field  and  load  to  change,  keeping  only  the  impressed 
voltage  constant.  We  will  now  study  the  effect  of  keeping 
both  the  load  and  impressed  voltage  constant,  and  changing 
the  field. 

Let  us  assume  that  the  load  on  the  motor  is  such  that  it 
has  to  draw  1500  kw.  from  the  line  in  order  to  operate  at  full 
load,  i.e.,  750  kw.  per  phase.  As  before,  the  impressed  volt- 
age is  6500  volts.  We  will  start  with  such  a  setting  of  the 
field  rheostat  that  the  field  has  the  proper  value  to  cause  the 
armature  current  to  have  a  lagging  power-factor  of  70  per 
cent,  —  that  is,  the  armature  current  lags  practically  45®  34' 
behind  the  impressed  voltage.  In  order  to  draw  750  kw. 
from  the  6500  volt  mains  at  70  per  cent  power-factor  the 

armature  must  draw  ggAA  y  n  70  ~  ^^^  amperes  per  phase. 

Thus  in  Fig.  291,  draw  vector  01  to  represent  the  armature 
current  of  165  amperes,  and  J&„  45°  34'  ahead  of  /,  to  repre- 
sent 6500  volts  impressed  on  armature.    In  order  to  force 
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165  amperes  through  the  9  ohms  impedance  of  the  armature, 
the  resultant  voltage  across  the  armature  must  be  9  X  165 
or  1485  volts.  We  have  seen  that  the  relation  of  the  react- 
ance to  resistance  is  such  in  the  armature  that  the  armature 


1—165 


Fig.  291.  Vector  diagram  for  determining  the  field  strength  (counter 
e.m.f.  E)  necessary  to  cause  the  armature  to  take  a  current  of  165 
amperes  lagging  45°  34'  behind  the  impressed  voltage  Ex, 

current  always  lags  89°  21.6'  behind  the  resultant  voltage.  In 
order  to  simplify  our  computations  we  will  consider  this  angle 
to  be  89°  22'.    No  appreciable  error  is  caused  by  so  doing. 

Therefore  draw  JS?„  89°  22'  ahead  of  /,  to  represent  the 
resultant  voltage  across  the  armature.  Since  IZ  or  Ei  must 
be  the  resultant  of  the  impressed  voltage  Ex  and  the  counter 
e.m.f.;  complete  the  parallelogram  and  find  the  counter 
e.m.f.;  E, 

To  find  the  value  of  E^  note  that  the  line  EiEx  must  be 
equal  in  length  to  E*  The  angle  between  Ei  and  Eg  must 
equal  89°  22'  -  45°  34'  or  43°  48'.  Writing  the  equation 
for  the  triangle  EiOEx,  we  have 

EiEx  =  VEI  +  g|  -  2  JgiExCOs43°"48' 

=  V 14852  +  6500«  -  2  X  1485  X  6500  cos  43°  48' 
=  5524. 
E  =  5524  volts. 

*  The  opposite  sides  of  a  parallelogram  are  always  equal  in  length. 


THE  SYNCHRONOUS  MOTOR 


655 


Therefore  when  we  make  the  field  strength  such  that  the 
counter  e.m.f.  equals  5524  volts,  the  motor,  operating  under 
constant  load  (power  input)  and  voltage,  draws  165  amperes 
from  the  line  at  70  per  cent  lagging  power-factor. 


Isl44 


E=68(» 


Fig.  291a.  Vector  diagram  for  determining  the  field  strength  (counter 
e.m.f.  E)  when  the  motor  takes  the  same  input  as  in  Fig.  291,  but  at 
a  power-factor  of  80%  lagging. 


In  a  similar  manner,  let  us  determine  the  counter  e.mi. 
necessary  to  produce  a  power-factor  of  80  per  cent  lagging 
with  the  same  load  and  impressed  voltage. 

A        *  *  750,000  ... 

Armature  current  =  ^^^^   — ^t-tzt:  =  144  amp. 

6500  X  0.80       ^ 

Resultant  e.m.f .  =  9  X  144  =  1296  volts. 

In  Fig.  291a,  draw 

I  =  144  amperes, 
JS,  =  6500  volts,  leading  /  by  36''  52'  (arc  cos  0.80), 
El  =  1296  volts,  leading  /  by  89°  22'. 
Complete  parallelogram  and  find  E. 

E^  y/E^  +  EJ^-'2  EiE^  cos  52°  30' 

=  Vl296«  +  6500*  -  2  X  r296  X  6500  X  0.609 
=  6802  volts. 
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Thus,  when  we  strengthen  the  field  so  that  the  counter 
e.m.f .  rises  from  5524  to  5802  volts,  the  armature  draws  only 
144  amperes  at  a  lagging  power-factor  of  80  per  cent,  instead 
of  165  at  a  lagging  power-factor  of  70  per  cent  with  the  motor 
running  under  the  same  load  (power  input)  and  voltage. 

In  the  same  way,  the  field  strength  has  been  worked  out 
for  power-factor  of  90  per  cent  lagging,  unity  power-factor, 
and  90,  80  and  70  per  cent  leading,  the  load  (power  input) 
and  voltage  of  the  motor  being  kept  constant.  The  results 
are  shown  in  the  accompanying  Table  B.  Note  that  as  the 
field  strength  increases  the  current  decreases  and  the  power- 
factor  continues  to  become  greater.  When  the  field  strength 
has  reached  such  a  value  that  the  power-factor  becomes 
unity,  the  armature  current  becomes  a  minimum.  Any 
further  increase  in  the  field  strength  causes  the  armature 
current  to  lead  and  reduces  the  power-factor. 


TABLE  B 


Field  strength, 
counter  e.m.f. 

Armature  current 
per  phase. 

Power-faustOT. 

5524  volts 

165  amp. 

70%) 

6802      " 

144      " 

80%  j  lag 

6080     " 

128      " 

6580     " 

115.4  " 

100% 

7070     " 

128      " 

90%) 

7340      " 

144      " 

80%  >  lead 

7610      " 

165      ** 

70%  J 

The  curve  in  Fig.  292,  plotted  between  the  armature 
current  and  field  strength,  has  a  general  V-shape,  and  is 
known  as  the  V-curve  of  the  synchronous  motor.  This  curve 
shows  that  for  a  given  load  there  is  a  certain  field  strength 
which  will  produce  a  TninimiiTTi  armature  current  called  the 
normal  current,  when  the  motor  has  its  full  load.  This 
strength  of  field  is  reached  when  the  power-factor  of  the  motor 
is  unity,  and  is  called  the  normal  field  excitation  when  the 
motor  has  its  full  load. 
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Fio.  292.  The  y-<;urye  for  the  synchroDous  motor  of  Fig.  286-292, 
showing  the  relation  between  the  armature  current  and  the  field 
strength  at  full  load. 

Prob.  7-8.  Replot  curve  of  Fig.  292.  On  same  sheet  and  to 
same  scale  plot  similar  curves  showing  the  relation  between  arma- 
ture current  (per  phase)  and  field  excitation  (induced  volts)  in  this 
motor  for: 

(a)  No  load  total  for  both  phases  (stray  power  loss  plus  PR  loss 
at  no  load)  equals  60  kw. 

(6)  }  rated  load  (input). 

(c)  I  rated  load  (input). 

(d)  I  rated  load  (input). 

(e)  li  rated  load  (input). 
(/)  ij  rated  load  (input). 

118.  Relation  Between  Reactive  Armature  Current  and 
the  Field  Strength.  Constant  Load.  We  have  seen  iit  the 
preceding  article  that  when  the  field  is  excited  above  a  cer- 
tain value,  a  leading  reactive  current  in  addition  to  the  effec- 
tive current  flows  in  the  armature,  and  causes  the  resulting 
armature  current  to  lead  the  impressed  voltage.  Similarly, 
under-excitation  produces  a  lagging  reactive  armature  cur- 
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rent  which  combines  with  the  effective  armature  current  and 
produces  a  lagging  resultant  current.  Let  us  see  what  rela- 
tion the  strength  of  these  reactive  component  currents  bears 
to  the  amount  of  over-  or  under-excitation. 

Table  C  is  prepared  from  the  data  in  Table  B,  the  first 
column  of  the  two  tables  being  aUke.  Column  2  shows  the 
percentage  of  over-  or  under-excitation  at  each  power-factor. 
The  field  fiux  must  be  directly  proportional  to  the  induced 
counter  e.m.f.,  because  the  speed  is  constant.  Column  3  is 
found  by  multiplying  the  normal  armature  current  by  the 
tangent  of  the  angle  of  lead  or  lag.  Thus  at  70  per  cent 
power-factor,  leading,  the  current  leads  the  voltage  by  45°  34' 
(cos  45®  34'  =  0.70).  The  total  current  equals  165  amp. 
The  reactive  current  equals  165  sin  45°  34'  or  118  amperes. 
Column  4  shows  the  percentage  which  the  reactive  current  is 
of  the  normal  current  (which  is  115.4  amperes).  Note  that 
when  the  field  is  16  per  cent  under-excited  the  reactive  cur- 


TABLE  C 


Field  strength, 
counter  e.m.f. 

Per  cent  Eeld 
strength  of  over 
or  under  strength 
for  unity  power- 
factor. 

Reactive  current, 
amperes. 

Per  cent  reactive 
current  ie  of  full- 
load  current. 

5524 
5802 
6080 
6580 
7070 
7340 
7610 

1 

16     ) 

12     >  under 

7.3) 

0 

7.4) 

12     >  over 
16     ) 

118 

86.5 

56.0 

0 

56.0 
86.5 
118 

102.1 

74.9 

48.7 

0 

48.7 

74.9 

102.1 

rent  is  approximately  102  per  cent.  When  we  make  the 
under-excitation  12  per  cent  or  f  as  great,  we  likewise  make 
the  reactive  current  approximately  75  per  cent  or  f  as  great. 
By  inspection  of  the  rest  of  the  table  we  may  draw  the 
conclusion  that: 

The  reactive  armature  current  is  approximately  proportioiud 
to  the  amount  of  over-  or  under-excitation  of  the  ^elds. 
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By  the  use  of  this  rule,  it  is  possible  to  estimate  the  arma- 
ture currents  and  power-factors  at  all  values  of  over-  or 
under-exdtations,  if  the  power-factor  is  known  for  one  value 
of  over-  or  under-excitation. 

Prob.  S-6.  The  following  data  apply  to  a  typical  three-phase 
A-connected  2500-kv-a.  s3nichronous  motor. 

Voltage  between  terminals     6500  volts 

Armature  resistance  (per  phase)   0.16  ohm 

Turns  in  field  windings      1700  turns 

Field  current  at  full  load,  unity  power- 
factor 5.68  amperes 

Normal  synchronous  impedance  (per 

phase)    13.3  ohms 

Determine  by  means  of  a  vector  diagram  the  counter  e.m.f.  at  full 
load,  normal  current  and  normal  voltage. 

Prob.  9-8.  Determine  from  vector  diagram  the  counter  e.m.f. 
and  reactive  current  at  full  load,  normal  voltage  and  87  per  cent 
lagging  power-factor  for  the  motor  of  Prob.  8  with  it  still  receiving 
full-power-load  input  from  the  line. 

Prob.  10-B.  What  will  be  the  kv-a.  and  power-factor  of  the 
motor  of  Prob.  8  if  the  field  current  is  reduced  to  5  amperes  and 
the  power  load  remains  constant?  Assume  that  the  field  flux  is 
proportional  to  the  field  current. 

Prob.  11-8.  Compute  the  power-factor  and  the  kv-a.  input  of 
the  motor  in  Prob.  8  if  the  field  current  is  increased  to  7  amperes 
and  the  power  load  remains  constant. 

119.  The  Circle  Diagram  for  the  Synchronous  Motor.* 
By  means  of  circle  diagrams  similar  to  that  for  the  induction 
motor,  it  is  possible  readily  to  note  the  effect  caused  by 
changes  in  the  power-factor,  field  excitation  and  total  intake, 
and  to  determine  the  limiting  values  of  these  quantities. 

Suppose  that  we  wish  to  be  able  to  see  at  a  glance  what 
effect  will  be  produced  upon  the  current  and  power-factor 
by  changing  the  field  excitation,  assuming  that  the  appUed 

*  This  article  is  founded  upon  the  discussion  of  the  Blondel  diagram 
in  ''  The  Standard  Handbook  for  Electrical  Engineers/'  Sec.  7-70. 
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voltage  and  the  effective  load  are  to  be  kept  coDBtant.  We 
will  use  the  typical  constants  which  we  have  used  in  previous 
examples  for  a  150Q-kw.  6600-volt  two-phase  motor.  Arma- 
ture resistance  =  0.100  ohm.  Synchronous  impedance  = 
9.00  ohms.  To  show  the  condition  at  full  load,  750  kw.  peF 
phase,  construct  Fig.  293a,  as  follows: 
Draw  vector  OA  =  B*  =  6500  volts  impressed. 

750  000 
At  unity  power-factor,  the  current  would  be     ^  *         or 

117  amperes  and  in  phase  with  OA,    Draw  vector  01  to  re{>- 

resent  tiie  current  per  phase.    The  pressure  required  to  force 

117  amperes  through  the  9  ohms  impedance  would  be  117  X  9 

or  1053  volts.    Draw  vector  OB  =  Bi  at  an  angle  to  vector 

R 
I  of  89°  21.6'  =  arc  cos  -^  •    In  Fig.  293a  this  angle  is  made 

less  than  89°  21.6'  in  order  to  brihg  point  C  within  the  limits 
of  the  page.  Ei,  for  the  sake  of  clearness,  is  drawn  larger 
in  proportion  to  Ex  than  it  actually  is.  For  diagram  drawn 
to  scale,  see  Fig.  293b.  The  vector  AB  =  E  will  then  repre- 
sent topographically  the  counter  e.m.f.  or  field  excitation 
necessary  to  produce  unity  power-factor  at  full  load.  If  we 
now  lower  the  power-factor  to  cos  6,  the  current,  in  order  to 
produce  the  same  effective  power  intake,  will  be  represented 
by  the  vector  /i  lagging  0  behind  the  impressed  voltage  Ex. 
The  voltage  required  to  force  this  current  through  the 
armature  will  be  represented  by  the  vector  OSi,  leading  /i 

R        *^ 
by  arc  cos  « •    The  vector  ABi  will  represent  the  counter 

r    ^ 

e.m.f.  (field  excitation)  which,  in  combination  with  the  im- 
pressed voltage  OA,  will  produce  a  resultant  voltage  of  OBi. 
Similarly  may  be  found  the  field  excitations  of  ABt  and  AB^ 
necessary  to  produce  other  power-factors  at  the  same  kilo- 
watt intake. 

The  points,  B,  Bi,  Bt,  Bs,  etc.,  are  found  to  lie  in  the  cir- 
cumference of  a  circle,  the  center  of  which  is  C.  This  center 
C  may  be  found  by  drawing  the  line  CA  at  an  angle  to  OA, 
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Fig.  293a.  Circle  diagram  for  synchronous  motor.  The  vector  OA 
represents  the  impressed  voltage.  The  vectors  AB,  ABi,  AB%  and 
ABi  represent  the  field  excitation  necessary  to  produce  the  resultant 
voltages  OBj  OB^  OBt  and  OBt  and  the  necessary  armature  cur- 
rents /,  Iif  etc.,  to  maintain  a  constant  power  intake  of  750  kw.  The 
points  Bf  Bij  Bit  ^h  etc.,  all  lie  on  a  circle  the  radius  of  which  is 

Ex  =  impressed  voltage. 
P  —  constant  power  intake. 
Z  a  synchronous  impedance  of  armature. 
R  =  effective  armature  resistance. 

^  =  arc  cos  y  ■ 
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R 
the  cosine  of  which  is  -y  and  extending  it  until  it  intersects 

at  C  the  vector  OB,  which  is  drawn  at  an  angle  to  DA,  the 

R 
cosine  of  which  is  also  y  • 

The  head  of  all  vectors  for  field  excitation  {E)  and  for  re- 
sultant voltage  (El)  for  a  total  input  of  750  kw.  per  phase 
will  lie  on  the  circumference  of  this  circle  S3,  B,  Sj,  Bi. 
For  any  other  constant  input  greater  than  750  kw.,  the  heads 
of  these  vectors  would  lie  on  the  circumference  of  a  circle  of 
a  smaller  radius,  such  as  the  circles  Pi  and  Pj  in  Fig.  293ay 
since  the  resultant  voltage  OB  must  increase  as  the  load 
becomes  larger.  The  greatest  amount  of  power  intake  would 
be  indicated  when  the  resultant  voltage  vector  OB  had  in- 
creased to  the  value  OC,  and  the  power  circle  became  the 
point  C.  Of  course  this  is  an  impractical  condition,  because 
the  carrying  capacity  of  the  armature  conductors  would  be 
surpassed  long  before  the  current  value  required  for  this 
amount  of  power  had  been  reached.  For  any  constant  in- 
put smaller  than  750  kw.,  these  points  will  he  in  the  circum- 
ference of  a  circle  of  larger  diameter,  because  the  vector 
OB  decreases  as  the  load  becomes  smaller.  When  06  be- 
comes zero,  the  power  intake  is  zero  and  the  circle  will  pass 
through  the  points  0  and  A,  If  the  vector  OB  has  a  value 
less  than  zero  (that  is,  a  negative  value),  it  must  extend  in 
the  opposite  direction  (180®  from  the  position  of  Fig.  293a) 
and  the  power  intake  becomes  a  minus  quantity,  —  that  is, 
the  machine  is  giving  out  power  rather  than  taking  it  in  and 
is  acting  as  a  generator  rather  than  as  a  motor.  Thus  all  area 
outside  of  the  zero  circle  represents  generator  power,  and  all 
area  within  the  zero  circle  represents  motor  power.  The 
radius  for  the  zero  power  circle  may  be  found  from  the 
equation 


2  It       2  cos  ^ 
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Rado  ==  radius  of  power  circle  when  there  is  no  power 
intake  or  output.* 
Em  =  voltage  per  phase  applied  to  motor. 

*  The  value  for  the  radius  of  circle  of  zero  power  may  be  found  as 
follows:  Ck>nstruct  Fig.  A^  which  is  a  copy  of  the  main  outline  of  Fig. 
203a,  drawing  the  line  CM  from  C  perpendicular  to  OA .   Since  the  angle 

at  O  equals  the  angle  at  A  [both  being  equal  to  arc  cos  ^  j,  CAf  bisects 


OA, 

Ex 
OM  thus  equals  —  • 

Ck)e«  =  ^-J-OC 

E, 

^^•'2cos«' 

but 

C08«=-^. 

c 


/ 


\ 


\ 


# 

/ 


\ 


\ 


\ 


\ 


I 


Therefore  OC,  which  is  the  radius  of 
the  circle  for  zero  power, 

"Tr     ^^    2co8^' 

Let  Radp  be  the  radiiis  for  any  0  A?         M  je*         a 

other  power  circle  when  the  resultant  Fig.  A.    Copy  of  main  outline 

armature  voltage  is  Ei  and  the  power      of  Fig.  293a  and  293b.    The 

intake  is  P  at  unity  power-factor. 


\ 

A 


Then    Radp  -^BC  =  0C  -  Ei, 
El  =  /Z, 
p 
/  =  ^  (at  unity  power-factor). 


radius  of  a  power  circle,  when 
OA  represents  the  impressed 
voltage  and  OB  the  resultant 
voltage  across  the  armature, 
would  be  OC  -  OB. 


Therefore 


and 


but 


KAdp  =  OC-g; 


OC'^ 


Therefore 


Radp 


ZE 
222* 

ZEx      PZ 
"  2/2       Em 

Z[Em     PR\ 
"/2\2  ""  Em)' 
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Z  ^  synchronous  impedance  per  phase  in  ohms. 

R  =  equivalent  resistance  per  phase  in  ohms. 

0  ==  angle  of  lag  of  armature  current  behind  resultant 

voltage  per  phase. 

R 
=  arc  cos  ^  • 
Z 

The  value  of  the  radius  for  any  power  circle  may  be  found 

from  the  equation 

P    ,        Z  (E.      PR\ 

in  which  Radp  =  radius  of  circle  for  constant  power  intake 
of  P  watts.  When  any  vectot  of  the  resultant  armature  volt- 
age, as  OB,  lies  along  the  line  OC,  the  current  vector  lies 
along  the  vector  of  the  impressed  voltage  Em  and  the  power- 
factor  is  unity.  When  any  resultant  voltage  vector  as  OBi 
and  OB2  falls  to  the  right  of  OC,  the  current  vector  /i  falls 
the  same  number  of  degrees  below  the  vector  of  impressed 
voltage  Eg  and  the  power-factor  is  lagging  and  less  than 
unity.  Note  that  the  angle  0i,  between  OB,  and  OBi,  equals 
the  angle  6  between  Eg  and  7i.  Thus  cos  Oi  can  be  used  as 
the  power-factor  when  the  field  excitation  has  the  value 
represented  by  the  vector  ABi. 

Similarly  when  any  vector  of  the  resultant  voltage  such  as 
OBz  falls  to  the  left  of  the  line  OC,  the  power-factor  is  lead- 
ing and  equal  to  the  cosine  of  the  angle  between  OBt  and  OC. 

In  Fig.  293h,  the  lines  are  drawn  to  scale  and  the  angles 
are  correct.  Note  that  the  angle  ^  is  so  nearly  90**  that  the 
point  C  Ues  several  feet  oflf  the  page.  The  arcs  of  the  power 
circles  are  accordingly  very  nearly  straight  lines. 

The  dotted  circles  show  the  effect  of  increasing  the  load 
while  keeping  the  field  excitation  constant.  The  point  B 
moves  around  in  a  circle  about  the  point  A,  Thus  for  a 
constant  field  excitation  producing  5000  volts  counter  e.m.f., 
as  the  load  starts  from  zero  and  increases  with  a  larger  and 
larger  intake,  the  path  of  the  point  B  is  along  the  arc  of  the 
circle  Bt,  B^,  Ba,  Bi,  B^,  B7.  .  ,  .    At  any  particular  load  as 
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for  2000  kw.  intake,  the  value  of  the  resultant  voltage  can 
be  found  by  drawing  vector  OB4.  Dividing  the  value  of 
the  vector  by  the  synchronous  impedance  gives  the  current, 
and  the  cosine  of  the  angle  0  is  the  power-factor.  Note  that 
the  maximum  power  is  delivered  at  constant  field  excita- 


FiG.  2d3b.  The  circle  diagram  of  Fig.  293a  drawn  to  scale  and  with 
the  correct  angles.  The  arcs  of  circles  drawn  about  A  as  center  rep- 
resent the  paths  of  the  ends  of  vectors  of  constant  field  excitation  as 
the  rotor  drops  back  on  account  of  greater  loads  being  put  on  the  rotor. 

tion,  when  vector  for  the  counter  e.m.f.  lies  along  the  line 
CA, — that  is,  when  the  counter  e.m.f.  has  dropped  back  from 
a  phase  position  directly  opposite  to  that  of  Ex  by  an  angle 

whose  cosine  is  ^*    If  the  vector  E  is  compelled  to  drop 
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further  back,  that  is,  to  pass  to  the  right  of  the  line  CA,  the 
point  B  will  lie  on  smaller  power  circles.  This  shows  that 
the  motor  can  take  in  no  more  power  than  that  indicated  by 
power  circle  on  which  the  point  B  falls  when  E  lies  along 
the  line  AC.  Note  that  point  S?  lies  on  a  smaller  power 
circle  than  does  Be.  Note  also  that  the  maximum  load  for  a 
field  excitation  of  6500  volts  is  between  4000  and  5000  kw. 
This  agrees  closely  with  the  results  shown  in  Table  A,  Art. 
115.  The  region,  therefore,  to  the  right  of  line  AC  represents 
a  condition  of  unstable  operation. 

Note  too,  that  for  a  given  excitation  the  power-factor  de- 
pends upon  the  load,  although  the  excitation  must  attain  a 
certain  value  before  it  is  possible  to  produce  unity  power- 
factor  or  a  leading  power-factor.  Thus,  in  this  case,  the 
counter  e.m.f.  must  be  more  than  6500  volts  before  it  is 
possible  to  produce  unity  power-factor  at  any  load.  But  at 
a  field  excitation  corresponding  to  7500  volts  counter  e.m.f., 
the  power-factor  will  be  leading  for  all  loads  below  2700  kw. 
and  lagging  for  all  loads  above  that  value. 

It  should  also  be  noted  that  the  vectors  from  0  to  the 
various  B  points  not  only  represent  the  resultant  voltage 
but  may  also  represent  the  current,  since  the  current  is  pro- 
portional to  the  resultant  voltage.  It  merely  requires  that, 
to  determine  the  value  of  the  current,  the  vectors  OB  must 
be  scaled  off  to  a  different  scale  than  that  used  in  scaling 
them  to  determine  the  value  of  the  resultant  voltage. 

Prob.  12-8.  Compute  the  value  of  the  radius  of  the  circle  for 
zero  power  circle  in  Fig.  293b. 

Prob.  13-8.  Compute  the  value  of  the  radius  for  the  1000-kw. 
power  circle  in  Fig.  293b. 

Prob.  14-8.  The  following  measurements  were  made  on  a  three- 
phase  synchronous  motor. 

Synchronous  reactance,  8.20  ohms  per  phase. 

Effective  resistance,  0.40  ohm  per  phase. 

Applied  voltage  between  terminals  (Y-connected)  4400  volts. 
Construct  cm^lc  diagram  similar  to  Fig.  293b,  using  a  scale  di 
1  inch  =  1000  volts. 
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Prob.  16-^.    Determine  from  circle  diflgram  of  Prob.  14-8. 

(a)  The  pull-out  load  (intake)  when  the  counter  voltage  equals 
the  applied  voltage. 

(6)  At  the  same  coimter  voltage  as  in  (a),  the  power-factor  at  i 
the  pull-out  load.    Call  this  the  rated  intake. 

(c)  The  current  at  the  load  in  (6). 

Prob.  16-B*  What  must  be  the  counter  voltage  in  the  motor  of 
Prob.  14r-8: 

(a)  To  produce  imity  power-factor  at  the  rated  load? 

(6)  To  produce  leading  power-factor  of  95  per  cent  at  rated  load? 

Prob.  17-8.  Determine  from  the  circle  diagram  the  currents 
for  the  conditions  of  (a)  and  (6)  in  Prob.  16-8. 

Prob.  18-8.    Determine  the  total  motor  effect  of  the  motor 
under  conditions: 
(a)  Of  Prob.  15  (6). 
(6)  Of  Prob.  16  (o). 
(c)  Of  Prob.  16  (6). 

120.  Phase  Modifiers  (Synchronous  Condensers).  The 
fact  that  the  alternating  current  taken  by  a  synchronous 
motor  may  be  made  either  to  lead  or  to  lag  with  respect  to 
the  impressed  voltage  by  means  of  the  field  control,  is  made 
use  of  in  order  to  bring  the  current  in  transmission  lines 
more  nearly  into  phase  with  the  voltage,  thereby  improving 
the  power-factor  and  increasing  the  kilowatt  capacity  of  the 
line.  « 

Thus  if  the  line  is  feeding  induction  motors,  the  line  cur- 
rent will  lag  behind  the  line  voltage,  and  the  power-factor 
will  be  low.  This  results  in  a  relatively  large  line  current 
for  a  given  kilowatt  load.  By  replacing  some  of  the  induc- 
tion motors  with  over-excited  synchronous  motors  or  by 
adding  to  the  line  over-excited  synchronous  motors  of 
sufficient  size,  the  lagging  reactive  currents  for  the  induction 
motors  may  be  neutralized  by  the  leading  reactive  current 
taken  by  the  synchronous  motors.  Stated  in  other  words: 
When  the  synchronous  condenser  is  used  in  parallel  with  in- 
duction motors  to  improve  the  power-factor  of  the  line  —  to 
make  it  unity,  let  us  say,  —  in  reality  neither  the  condenser 
nor  the  induction  motors  take  any  reactive  current  from  the 
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generator  or  from  the  transmission  line  between  the  gener- 
ator and  the  point  at  which  the  condenser  and  the  induction 
motors  are  placed.  What  really  happens  is  that  just  at  the 
instants  in  each  cycle  when  the  induction  motor  requires 
reactive  power,  the  condenser  is  ready  to  give  up  reactive 
power  and  vice  versa.  So  that  the  necessary  reactive  power 
circulates  between  the  condenser  and  the  induction  motors 
without  traveling  through  the  generator  or  over  the  trans- 
mission line.  Synchronous  motors  so  used  are  called  pliase 
modifiers  or  synchronous  condensers.  They  may  be  used 
wholly  to  better  the  power-factor  of  the  system,  or  they  may 
perform  the  double  duty  of  bettering  the  power-factor  and  of 
deUvering  a  mechanical  load.  This  mechanical  load  may  be 
used  for  the  purpose  of  supplying  power  to  shops,  mills,  etc., 
or  for  driving  a. direct-current  generator  in  order  to  convert 
the  alternating  current  suppUed  to  the  motor  into  direct 
current.  When  used  for  the  latter  purpose,  the  synchro- 
nous motor  is  usually  direct-connected  to  the  direct-current 
generator  and  the  combination  is  called  a  motor-generator 
converter.  For  further  details  concerning  this  device  see 
Chapter  IX. 

Again,  if  a  generator  is  already  supplying  its  maximum  kil- 
ovolt-ampere  load  to  induction  motors,  a  synchronous  motor 
can  be  used  to  add  to  the  effective  power  supplied  by  the 
generator  without  increasing  the  kilovolt-ampere  load.  This 
is  of  particular  advantage  when  it  is  desired  to  expand  the 
plant  without  adding  to  the  generator  and  distribution 
cost. 

A  synchronous  condenser  should  be  installed  at  the  same 
point  as  the  load  in  order  that  the  reactive  power  shall  have 
to  circulate  through  as  Uttle  of  the  conductors  as  possible  and 
the  whole  line  and  all  apparatus  connected  to  it,  between  the 
load  and  the  generator,  will  receive  the  benefit  of  the  power- 
factor  correction.  Placing  the  condenser  at  the  generator 
end  economizes  on  generator  capacity  and  losses,  but  not  on 
transmission   Une  capacity  and   losses.    Furthermore,  the 
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motor  may  be  used  for  mechanical  purposes  to  greater  ad- 
vantage at  tLe  load  end. 

Prob.  19-8.  A  certain  plant  equipped  with  60-cycle  induction 
motors  uses  1000  kw.  at  80  per  cent  power-factor.  What  kv-a. 
synchronous  condenser  would  be  required  to  raise  the  power-factor 
of  the  plant  to  unity? 

Piob.  20-8.  The  losses  in  synchronous  motors  may  be  assiuned 
to  decrease  regularly  from  8  per  cent  in  200  kv-a.  motors  to  4  per 
cent  in  1000  kv-a.  machines.     (G.  E.  Review,  Jime,  1914.) 

(a)  What  would  be  the  total  kilowatt  load  in  the  plant  in  Prob. 
19  before  the  condenser  was  installed? 

(6)  After  the  condenser  was  installed? 

(c)  What  would  be  the  total  kilovolt-ampere  load  before  the  con- 
denser was  installed? 

(d)  After  the  condenser  was  installed? 

(e)  At  what  power-factor  would  the  synchronous  condenser  be 
operating? 

Piob.  21-8.  If  it  had  been  desired  to  raise  the  power-factor  of 
the  plant  in  Prob.  20  to  90  per  cent  only,  what  kilovolt-ampere 
synchronous  condenser  would  have  been  needed? 

Prob.  22-8.  Apply  the  questions  in  Prob.  20  to  the  conditions 
ofProb..21. 

Piob.  28-8.  If  it  is  desired  to  maintain  the  same  kilovolt- 
ampere  load  at  90  per  cent  power-factor  in  Prob.  21-8  as  "when  the 
induction  motors  only  were  running,  the  additional  load  being  in  the 
form  of  a  mechanical  load  on  the  synchronous  condenser,  what  size 
(kilovolt-ampere)  condenser  should  be  installed? 

Prol>.  24-^8.  (a)  What  effective  power  would  be  available  as 
output  from  the  synchronous  motor  in  Prob.  23? 

(6)  At  what  power-factor  would  the  synchronous  motor  operate? 

Prob.  25-8.  What  kilovolt-ampere  synchronous  condenser  should 
be  installed  in  Prob.  19  so  that  the  power  plant  would  be  deliver- 
ing the  maximum  effective  power  and  still  not  increase  the  total 
kilovolt-ampere  output,  the  additional  load  being  in  the  form  of  a 
mechanical  load  on  the  synchronous  condenser? 

Prob.  26-8.  (a)  At  what  power-factor  would  the  synchronous 
motor  in  Prob.  25  be  operating? 

(b)  How  much  would  the  effective  power  output  of  the  plant  be 
increased? 
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12L  Constant-Voltage  Transmission.  Synchronous  Re- 
actor. A  S3mchronous  motor  may  be  used  at  any  point 
in  a  transmission  line  to  keep  the  voltage  at  that  point  con- 
stant. When  the  line  is  canying  a  large  load  with  a  low 
power-factor  the  motor  is  over-excited  enough  to  produce  a 
leading  current  large  enough  to  counteract  the  inductive 
reactive  component  of  the  line  current  and  thus  reduce  the 
resulting  line  current.  When  the  line  is  carrjring  a  small 
load,  the  synchronous  motor  is  under-excited  so  that  it 
draws  lagging  current  enough  to  maintain  a  line  drop  be- 
tween the  generator  and  motor  equal  to  the  full  load  line 
drop.  The  changes  in  the  field  of  motor  are  usually  made 
automatically  by  a  Tirrill  regulator.  A  synchronous  motor 
so  used  is  often  called  a  synchronous  reactor.  Several  in- 
stallations are  already  successfully  using  this  method  of  line 
voltage  regulation.* 

The  advantages  of  this  scheme  are  summarized  as  follows 
in  the  "Electric  Journal,"  September,  1915: 

"While  the  use  of  the  synchronous  motor  to  improve  the 
power-factor  at  full  load  makes  possible  an  increase  of  load 
with  the  same  regulation  of  the  line  from  no  load  to  full  load, 
the  elimination  of  this  regulation  and  the  substitution  of  a 
constant  difference  of  voltage  between  the  power  house  and 
the  terminal  station  by  use  of  a  motor  to  supply  lagging 
current,  and  so  lower  the  power-factor  at  light  load,  is  desir- 
able from  the  operating  point  of  view,  for  the  following 
reasons: 

1.  Automatic  compounding  of  the  generating  station  voltage  is 
done  away  with  and  constant  voltage,  automaticaUy  controlled, 
is  substituted.  Apparatus  for  the  latter  condition  may  be  relied 
on. 

*  See  H.  B.  Dwight  in  the  Electric  Journal,  Sept.,  1914;  L.  A. 
Herdt  and  E.  G.  Burr  in  the  Electric  Journal,  Sept.,  1915;  H.  L.  Un- 
land  in  the  General  Electric  Review,  June,  1914;  H.  B.  Dwight,  *'  C(hi- 
stant  Voltage  Transmiasion." 
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8.  Extreme  overload  capacity  of  lines  in  case  of  emergency,  and 
control  from  the  terminal  station. 

8.  Telephoning  between  power  house  and  terminal  station  is 
greatly  reduced,  as  the  voltage  of  the  distribution  bus  is  controlled 
in  the  terminal  station. 

4.  Voltage  of  the  line  is  steady  and  lightning  arresters  may  be 
set  closer  with  increased  protection  to  insulators  and  apparatus. 
From  this  point  of  view,  it  is  important  to  arrange  the  switching  so 
that  the  motor  is  part  of  the  line  unit  in  case  automatic  relays  are 
used  on  the  line  oU  switches. 

5.  Loads  may  be  suppUed  at  intermediate  points  on  the  line 
with  steady  voltage. " 

If  a  synchronous  motor  so  used  is  required  to  carry  a 
mechanical  load  also,  it  must  be  protected  from  sudden  in- 
crease of  load  when  running  on  a  weak  field,  as  it  is  likely  to 
be  thrown  out  of  step.  If  the  field  is  very  weak,  a  lai^ 
mechanical  load,  even  though  applied  gradually,  may  cause 
the  rotor  to  slip  beyond  the  pull-out  position  and  cause  it  to 
drop  out  of  step. 

The  following  example,  based  on  data  given  in  the  General 
EHectric  Review  for  June,  1914,  illustrates  the  means  by 
which  these  results  are  accomplished. 

Example  2.  The  constants  for  a  30-mile,  three-phase  transmis- 
sion line  are  as  follows: 

Copper  cables.  No.  000,  effective  spac- 
ing    36  inches 

Reactance  to  neutral  of  each  cable. . .  19.55  ohms 

Resistance  of  each  cable 10.73 

Reactance  of  each   transformer  re- 
ferred to  high-tension  side 9  ohms 

Resistance  of  each  transformer  re- 
ferred to  high-tension  side 1.5  ohms 

Voltage  (to  neutral) 30,000  volts,  60  cycles 

Rated  capacity  of  each  transfonner 

at  ea«h  end  of  line 6000  kv-a.  (line  to  neu- 
tral: transformers  Y- 
connected) 

Power-factor  of  load 75  per  cent 
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What  size  synchronous  motor  is  required  at  receiving  end  in  order 
to  maintain  this  end  at  constant  voltage?    Neglect  capacitance  of 
the  line. 
Total  line  reactance  per  conductor  =  9  +  9-1-  19.55 

=s  37.55  ohms. 
Total  line  resistance  per  conductor  =  1.5  +  1.5  +  10.73 

=  13.73  ohms. 
Line  current  at  full  load  (75  per  cent  power-factor) 

6,000,000 


Reactive  component  of  current 


30,000 
=  200  amp. 
«  200  sine  41**  25' 
=  132.3  amperes. 


I"200 


Fig.  294.  The  vector  OC  represents  the  voltage  at  the  sending  end  of 
a  transmiBsion  line,  carrying  200  amperes  with  a  pressure  of  OA  at 
the  receiving  end.    No  synchronous  reactor  is  used  in  this  case. 

Construct  Fig.  294,  drawing  OA  to  represent  ^i  or  30,000  volts 
(to  neutral)  at  receiving  end.  01  represents  the  line  current  of 
200  amperes,  lagging  41^  25'  behind  ^i.  AD  drawn  parallel  to  01 
represents  the  resistance  drop  of  13.73  X  200  or  2746  volts  in  phase 
with  01,  DC  drawn  at  right  angles  (leading)  to  01  represents  the 
reactance  drop  of  37.55  X  200  or  7510  volts. 

Since  OC  equals  the  voltage  to  neutral  at  the  sending  end, 

OC  =  VOB^  +  BC*^20BxBC(ioe[B. 
OB  =  OA+AB, 
.Q  ^      2746 
cos  41^  25' 
=  3660  volts. 
OB  =  30,000  +  3660  =  33,660  volts. 
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BC^DC--  DB. 
DB  =  2746  tan  41**  25' 

-2420. 
BC  =  7510  -  2420 

=  5090  volts. 
|B  =  90**  +  4r  25' 

=  131**  25'. 

OC  =  V33,660*  +  50902  _  2  x  33,660  X  5090  cos  131**  25' 
=  37,210  volts. 

The  line  drop  is  therefore  37,210  -  30,000  =  7210  volts  when  no 

synchronous  condenser  is  used. 

7210 
The  voltage  regulation  thus  equals 


30,000 


=  24.03  per  cent. 


Fio.  295.  The  vector  OC  represents  the  voltage  at  the  sending  end  of 
the  line  in  Fig.  294,  when  a  synchronous  reactor  is  used  to  raise  the 
fuIl-4oad  power-factor  to  unity. 

Let  us  now  add  to  the  receiving  end  a  synchronous  motor 
^^hich  can  be  over-excited  so  that  it  takes  a  leading  current 
of  132  amperes.  This  leading  current  will  counteract  the 
reactive  component  (132  amperes)  of  the  load  current.  The 
line  current  will  now  be  the  resultant  of  the  load  current 
200  amperes  lagging  41**  25'  behind  the  voltage  to  neutral, 
and  the  leading  reactive  current  of  132  amperes  leading  the 
voltage  by  90**.  In  Fig.  295,  this  resultant  is  represented 
by  the  vector  OK  and  is  seen  to  be  equal  to  150  amperes. 
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The  resistance  line  drop  now  equals  the  vector  AD,  in  phase 
with  the  resulting  current 

AD  =  13.73  X  150 
=  2060  volts. 

The  reactance  line  drop  DC  =  37.55  X  150 

=  5633  volts. 

The  voltage  at  the  sending  end  will  now  have  to  be 

0C=^  V{OA  +  ADy  +  DC^ 
=  32,520  volts. 

If  the  generator  voltage  is  maintained  constant  the  line 
drop  thus  becomes  only  32,520  -  30,000  or  2520  volts.  As- 
suming the  field  of  the  synchronous  motor  to  be  controlled  so 
that  it  always  supplies  the  reactive  power  of  the  load  as  the 
load  and  terminal  voltage  change,  the  regulation  from  no 
load  to  full  load  equals 

^  =  8.4  per  cent.* 

We  may,  however,  weaken  the  field  of  the  synchronous  re- 
actor so  that  as  the  useful  load  on  the  transformer  becomes 
zero,  the  current  taken  by  the  s3mchronous  reactor  lags  and 
becomes  just  sufficient  to  cause  a  line  drop  of  2520  volts. 
The  voltage  at  the  receiving  end  will  thus  remain  constant 
at  32,520  -  2520  or  30,000  volts. 

To  determine  what  lagging  current  the  synchronous  re- 
actor must  take,  we  have  to  remember  that  when  the  cur- 
rent lags  approximately  90°,  the  greatest  line  drop  is  due  to 
reactance.  This  reactance  drop  will  lead  the  current  by  90**. 
In  Fig.  296, 

01,  =  lagging  reactive  current  taken  by  synchronous 
condenser  when  there  is  no  load  on  the  line 
(90°  behind  the  terminal  e.m.f.). 

*  This  result  neglects  losses  in  the  synchronous  motor,  which  do  not 
appreciably  affect  the  values. 
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AD  =  component  of  e.m.f.  impressed  on  line,  consumed 
in  overcoming  inductive  reaction  of  the  line,  due 
to  01.  (leading  01.  by  90^). 

DC  =  component  of  e.m.f.  impressed  on  line,  consumed 
in  overcoming  resistance  reaction  of  the  line,  due 
to  01,  (in  phase  with  01,) . 

OC  =  total  e.m.f .  that  must  be  impressed  upon  line  in 
order  to  give  OA  volts  at  end  of  line,  after  over- 
coming line  reaction  due  to  resistance  and  in- 
ductive reactance. 


E  1=30,000 


V 
I,~  67.1  amp. 

Fig.  296.  At  no  load  the  synchronous  reactor  must  draw  from  the 
line  a  current  /•  of  67.1  amp.  lagging  90^  behind  the  impressed  voltage 
El.  The  voltage  to  send  this  lagging  current  against  the  line  reac- 
tance equals  2520  volts  in  phase  with  the  impressed  voltage.  There 
are  also  922  volts  used  to  overcome  the  line  resistance.  The  generator 
voltage  E  must  be  the  vector  sum  of  these  quantities. 

Since  the  current  lags  90^  behind  the  impressed  voltage, 
as  seen  from  Fig.  296,  the  reactance  drop  AD,  due  to  this 
lagging  current,  neglecting  the  losses  of  the  synchronous  con- 
denser, will  be  in  phase  with  the  impressed  voltage.  Since 
the  resistance  drop  is  but  a  small  part  of  the  total  drop  and 
at  90*  to  the  line  voltage,  it  does  not  appreciably  aflfect  the 
total  drop  OC. 

Thus  the  lagging  current  for  the  reactor  must  be  made 
great  enough  to  produce  approximately  2600  volts  reactance 
drop,  or 

T   ^2520 
•      37.65 
=  67.1  amp. 
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The  resistance  drop  then  equals 

DC  =  67.1  X  13.73 
=  922  volts. 

The  generator  voltage  then  checks: 


OC  =  V(30,000  +  2520)»  +  922* 
=  32,530  volts. 

Thus  we  see  that  the  voltage  at  the  load  end  of  the  line 
will  have  the  same  value  (30,000  volts)  at  full  load  and  at 
zero  load  while  the  e.m.f.  of  the  generator  remains  constant 
at  32,520  volts,  provided  the  field  excitation  of  the  syn- 
chronous condenser  be  changed  in  accordance  with  the  load  so 
as  to  produce  a  lagging  reactive  current  of  67.1  amp.  at  zero 
load  and  a  leading  reactive  current  of  132  amperes  at  full 
load. 

In  order  to  produce  this  result,  we  must  use  a  synchronous 
motor  which  will  deliver  a  maximum  leading  current  of  132 
amp.  and  a  maximum  lagging  current  of  67.1  amp.  It  must 
therefore  be  able  to  supply  per  phase 

132  X  30,000  =  3960  kv-a. 

leading  reactive  power,  or  about  12,000  leading  kv-a.  for 
three  phases. 

67.1  X  30,000  =  2013  kv-a. 

lagging  reactive  power,  or  about  6000  lagging  kv-a.  for  three 
'phases. 

At  the  various  points  between  full  load,  75  per  cent  power- 
factor  and  zero  load,  the  field  of  the  synchronous  motor  can 
be  adjusted  either  manually  or  automatically  so  that  it  draws 
sufficient  current  from  the  line  at  the  proper  power-factor  to 
produce  2520  volts  line  drop,  and  thus  maintain  a  constant 
voltage  (30,000)  at  the  receiving  end. 

It  must  not  be  assumed  that  the  most  economical  equip- 
ment requires  condenser  capacity  great  enough  to  produce 
unity  power-factor  at  full  load.  It  is  usually  more  economical 
to  supply  a  smaller  synchronous  reactor  and  operate  at  less 
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than  unity-power  at  all  loads.  For  methods  of  determining 
the  most  economical  size  of  reactor^  see  articles  referred  to 
at  bottom  of  page  570. 

Prob.  27-8.  What  kv-a.  will  the  synchronous  reactor  of  Ex- 
ample 2  have  to  take  in  order  to  maintain  a  voltage  of  30,000  volts 
at  the  receiving  end,  where  the  useful  total  load  (three  phase)  is 
2600  kw.  at  80  per  cent  power-factor? 

Prob.  28-8.  Compute  the  kv-a.  capacity  of  the  synchronous 
reactor  necessary  to  maintain  a  constant  voltage  at  the  receiving 
end  of  the  Une  in  Example  2,  taking  into  account  the  capacitance 
of  the  line. 

Prob.  2^-8.  Compute  the  kv-a.  capacity  of  a  s3rnchronous 
reactor  necessary  to  maintain  a  constant  voltage  at  the  load  ter- 
minals of  a  three-phase  Une  under  the  following  conditions,  which 
are  fairly  representative  of  good  practice.  The  power-factor  of 
the  generator  is  to  be  98  per  cent  lagging  on  full  load.  (Data  from 
the  Electric  Journal,  Sept.,  1914.) 

Length  of  line 200  miles 

Conductor  (copper  cable) 400,000  cir.  mils 

Spacing  (effective) 20  feet 

Constant  supply  voltage 150,000  volts 

Constant  receiver  voltage 110,000  volts 

Resistance  per  conductor  including 

transformers  and  protective  coils. .  31.8  ohms 
Reactance    per   conductor    including 

transformers  and  protective  coils . .  244.4  ohms 

Full  load  deUvered  at  receiver 50,000  kw. 

Power-factor  of  load 85  per  cent 

Frequency 60  cycles 

122,  Hunting  of  Synchronous  Motors.    Damping  Grids. 

We  have  seen  that  when  a  synchronous  motor  is  in  operation, 
the  rotor  always  revolves  at  a  speed  in  synchronism  with  the 
alternations  of  e.m.f.  on  the  line.  The  induced  e.m.f.  and 
the  impressed  e.m.f.  thus  always  maintain  the  same  phase 
relation  to  each  other,  when  the  load  remains  unchanged,  — 
the  e.m.f .  induced  in  the  armature  windings  always  being  at 
such  a  phase  angle  with  the  impressed  e.m.f.  that  the  result- 
ing e.m.f.  sends  sufficient  current  through  the  armature  to 
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produce  the  torque  required  to  carry  the  load.  In  other 
words,  for  a  constant  load,  the  synchronous  position  remains 
unchanged.  As  the  load  is  increased  or  decreased,  the  rotor 
drops  back  or  surges  forward  to  a  new  synchronous  position. 
But  as  it  takes  time  to  start  the  rotor  in  its  motion  from  one 
position  to  another,  for  a  small  fraction  of  a  second  it  is 
out  of  step.  Thus  if  a  load  has  been  added  to  the  rotor,  for 
a  small  fraction  of  a  second  it  is  ahead  of  the  synchronous 
position  and  thus  is  not  carrying  enough  current  to  maintain 
the  torque  required  for  the  increased  load.  In  dropping  back, 
it  has  acquired  a  relative  velocity  backward  and  cannot  stop 
the  instant  it  reaches  the  desired  synchronous  position  but 
is  carried  beyond  by  its  own  momentum.  This  causes  it  to 
take  a  current  larger  than  necessary  to  carry  the  load,  and 
it  immediately  surges  ahead.  Its  acquired  velocity  in  this 
direction  again  causes  it  to  pass  by  the  synchronous  position. 
Thus  it  may  surge  back  and  forth  across  the  synchronous 
position,  even  while  the  synchronous  position  is  swinging 
around  at  synchronous  speed.  Any  extra  impulse,  such  as  a 
slight  periodic  raising  or  lowering  of  the  voltage,  may  be 
sufficient  to  increase  these  pulsations  to  such  an  extent  that 
the  rotor  is  thrown  out  of  step.  This  oscillation  about  the 
synchronous  position  is  called  Hunting  and  unless  special 
means  are  taken  to  stop  it,  it  may  prevent  the  machine 
from  being  operated  as  a  synchronous  motor.  It  is  caused 
not  only  by  sudden  increase  in  load,  but  also  by  the  pulsa- 
tion in  the  motion  of  the  engines  driving  the  generators. 
These  pulsations  cause  the  frequency  of.  the  impressed  e.m.f. 
to  be  uneven  and  thus  change  the  phase  relations  between 
the  impressed  e.m.f.  and  the  induced  e.m.f.  In  general,  the 
larger  and  heavier  the  rotor,  the  less  likeUhood  there  is  of 
hunting,  —  the  flywheel  effect  tending  to  hold  the  motion 
steady. 

Hunting  is  effectually  eliminated  by  means  of  damping 
grids,  or  squirrel-cage  windings  built  into  the  pole  faces  of 
the  motor.    Fig.  241  and  297  show  the  construction  of  such 
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a  grid.  A  yoke,  usually  of  bronze,  surrounda  the  pole,  while 
copper  bars  are  sunk  into  the  laminations  of  the  face.  In 
this  way  several  paths  of  low  resistance  are  formed  around 
all  portions  of  the  pole.  As  long  aa  the  rotor  revolves  in 
Efynchronism  with  the  frequency  of  the  impressed  ejn.f. 


Fia.  297.    The  pole  fac«  of  a  eynchroDous  motor  showing  the  damping 
grid,  which  is  uaed  to  prevent  hunting.    The  General  EUclric  Co. 

there  is  no  relative  motion  between  the  armature  flux  and  the 
pole  faces.  Thus  no  current  would  be  set  up  in  the  grid 
windings.  But  if  the  rotor  hunts,  the  flux  from  the  wind- 
ings moves  across  the  pole  face  in  one  direction  or  the  other 
and  currents  are  set  up  in  these  circuits,  which  produce  a 
torque  opposing  the  oscillations  of  the  rotor. 

122a.  Startiug  Synchronous  Motors.  Synchronous 
motors  are  difflcult  to  start.  If  a  current  is  sent  through 
the  armature  windings,  the  torque  which  it  produces  reverses 
its  direction  50  or  120  times  per  second,  depending  on  the 
frequency  of  the  system.  In  order  to  receive  the  impulses 
from  the  armature  in  the  proper  direction,  the  rotor  must 
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start  from  rest  and  move  the  distance  of  the  pole  pitch  in 
9\y  of  a  second,  if  the  frequency  of  line  currents  is  25  cycles 
per  second.  It  is  impossible  to  construct  a  rotor  of  com- 
mercial size  which  will  do  this.  Single-phase  motors  there- 
fore are  started  by  some  outside  source  of  power,  usually  a 
small  induction  motor,  with  a  smaller  number  of  poles,  on  the 
same  shaft.  If  polyphase  synchronous  motors  are  fitted  with 
damping  grids,  they  may  be  started  by  the  induction-motor 
action  of  the  armature  current  on  the  circuits  of  these  grids.* 
In  this  case  the  field  is  not  excited  and  a  reduced  e.m.f.  is 
impressed  on  the  armature.  The  rotor  acts  exactly  as  the 
rotor  of  an  induction  motor.  A  slight  torque  is  also  pro- 
duced in  the  same  way  by  the  eddy  currents  in  the  iron  of 
the  pole  faces  and  pole  pieces.  For  detailed  direction  for 
starting  see  Art.  143,  on  starting  synchronous  converters. 

♦  See  Chapter  VII,  Art.  94. 


SUMlilART  OF  CHAPTER  Vm 

THE  SYNCHRONOUS  MOTOR  has  the  same  construction 
as  an  altemating-ciirrent  generator,  and  is  usually  of  the  re- 
volving field  type.  If  the  rotor  of  such  a  machine  is  revolving 
at  synchronous  speed,  and  the  alternating  current  is  maintained 
in  the  armature,  a  torque  is  exerted  by  the  interaction  between 
the  rotor  fields  and  the  revolving  fields  produced  by  the  arma- 
ture current,  which  keeps  the  speed  up  to  synchronism  imtil 
the  machine  is  greatly  overloaded. 

THE  ARMATURE  CURRENT  is  proportional  to  the  result- 
ant of  the  impressed  ejn.f.  and  the  coimter  e.m.f.  induced  in 
the  armature  windings  by  the  revolving  field. 

THE  COUNTER  E.M.F.  depends  in  value  upon  the  field 
excitation,  since  the  speed  of  the  field  poles  is  constant  at  all 
loads.  It  does  not,  therefore,  change  in  value  as  the  load  on 
the  motor  is  increased.  It  merely  comes  more  nearly  into 
phase  with  the  impressed  e.m.f .  so  that  the  resultant  voltage  is 
increased  and  a  greater  armature  current  results. 

THE  ROTOR  FALLS  BACK  as  the  load  is  increased  and  pro- 
duces the  necessary  change  in  phase  relation  between  the 
counter  and  the  impressed  e.m.f .  in  order  to  increase  the  result- 
ant e.mJ.  The  position  which  the  field  poles  occupy  in  space 
with  regard  to  the  revolving  poles  set  up  by  the  armature  current 
is  caned  the  synchronous  position. 

THE  MAXIMUM  OR  "  PULL-OUT  "  LOAD  occurs  when 
the  rotor  has  dropped  back  through  an  angle  which  has  the 

value  arc  tan  '^.     In  this  expression,  X  is  the  synchronous 

reactance  of  the  armature  and  M  the  effective  resistance.    In 

modem  machines  the  value  of  -^  is  usually  between  60  and  100 

and  thus  arc  tan  rr  is  approximately  90^.    The  normal  load  of 

such  machines  is  usually  about  i  or  ^  of  the  maximum  load,  the 

machine  being  unstable  in  the  neighborhood  of  maximum  load. 

VARYING  THE  FIELD  EXCITATION  changes  the  phase 

relation  between  the  impressed  voltage  and  the  armature 
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current,  —  a  weak  field  causing  the  current  to  lag,  and  a  strong 
field,  to  lead.  For  a  given  load,  that  field  strength  which 
produces  unity  power-factor  results  in  the  lowest  armature 
current;  the  reactive  armature  current  being  approximately 
proportional  to  the  amoimt  of  over-  or  under-ezdtation. 

A  CIRCLE  DIAGRAM  can  be  used  for  determining  operating 
characteristics  of  a  synchronous  motor  under  varying  condi- 
tions of  load  and  field  excitation. 

SYNCHRONOUS  MOTORS  ARE  USED  TO  MODIFY  THE 
PHASE  RELATION  between  the  current  and  voltage  of  trans- 
mission lines.  When  performing  this  duty  they  are  called 
synchronous  condensers,  and  may  also  carry  a  motor  load  at 
the  same  time.  An  over-excited  synchronous  motor  will 
supply  the  lagging  reactive  power  to  induction  motors.  The 
line  has  then  to  transmit  the  effective  power  only.  Thus  a 
saving  in  generator  capacity,  line  loss,  etc.,  is  made. 

SYNCHRONOUS  MOTORS  ARE  USED  TO  MAINTAIN 
CONSTANT  VOLTAGE  at  given  points  in  a  transmission  line. 
The  synchronous  motor  will  produce  nearly  unity  power-factor 
at  full  load,  but,  with  a  proper  reduction  of  the  field  excitation, 
will  draw  sufficient  lagging  current  from  the  line  to  produce 
the  same  line  drop  from  zero  load  to  full  load.  The  field  excita- 
tion may  be  controlled  manually  or  automatically. 

HUNTING  IS  THE  TERM  APPLIED  TO  AN  OSCILLATING 
MOTION  OF  THE  ROTOR  back  and  forth  across  the  synchro- 
nous position.  It  may  be  caused  by  a  sudden  increase  of  load 
on  the  rotor  or  by  the  pulsation  of  the  prime  movers,  which 
produce  an  uneven  frequency.  It  may  become  great  enough 
to  pull  the  machine  out  of  step,  if  not  stopped  or  damped. 
Himting  is  effectively  eliminated  by  damping  grids  inserted  in 
the  pole  faces. 

A  POLYPHASE  SYNCHRONOUS  MOTOR  MAY  BE 
STARTED  as  an  induction  motor  on  low  voltage,  if  equipped 
with  damping  grids.  A  single  phase  motor  requires  an  auxil- 
iary starting  motor. 


PROBLEMS   ON   CHAPTER  Vm 

Prob.  30-8.  The  following  data  may  be  taken  as  typical  for  a 
synchronous  motor: 

Rated  capacity 2500  kv-a. 

Normal  voltage  (between  terminals) .  2300  volts 

Connection Star 

Armatm^  resistance  (per  phase) 0.022  ohm 

Field  turns 1800  turns 

Normal  field  current 4.35  amp. 

Synchronous  impedance  per  phase. . .  0.92  ohm 

Determine  the  counter  e.m.f.  at  full  load,  unity  power-factor  and 
normal  voltage. 

Prob.  31-8.  Compute  the  counter  e.m.f.,  field  ciurent,  and  re- 
active current  of  the  motor  in  Prob.  30-8  at  half  load  (kv-a.)  and 
normal  voltage,  when  there  is  a  leading  power-factor  of  80  per  cent 
at  the  terminals.  Assume  the  field  fiux  to  be  proportional  to  the 
field  current,  and  the  kw.  input  to  be  the  same  in  all  three  cases. 

(6)  When  the  field  current  of  the  motor  in  (a)  is  increased  to 
6  amperes,  what  will  be  the  kilovolt-amperes  intake  and  the  power- 
factor? 

(c)  If  the  field  current  of  the  motor  in  (a)  is  reduced  to  3.5 
amperes,  what  will  be  the  kilovolt-ampere  input  and  the  power- 
factor? 

Prob.  82-8.  How  much  reactive  power  will  the  motor  of  Prob. 
31  (c)  draw  from  the  line? 

Prob.  33-8.  (a)  What  must  be  the  field  current  of  the  motor 
in  Prob.  31  in  order  that  the  motor  draw  2000  kv-a.  corrective 
leading  reactive  power  from  the  Une? 

(6)  How  much  total  effective  power  (input)  is  then  available 
for  a  motor  load,  when  drawing  1000  kw.  as  in  that  problem? 
Note  that  to  load  (by  power  component)  while  still  correcting 
2000  kv-a.  will  require  some  additional  field  excitation. 

Piob.  34-8.  (a)  Assuming  that  the  field  excitation  of  the  motor 
of  Prob.  30-8  can  be  increased  to  150  per  cent  of  the  normal  value, 
what  will  be  the  "pull-out"  load  at  this  excitation? 

(6)  What  percentage  is  the  rated  full  load  of  the  pull-out  load? 
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Prob.  85-8.  Determine  the  proper  capacity  of  synchronous 
motors  which  will  maintain  the  voltage  constant  at  the  receiving 
end  of  a  line  having  the  following  constants: 

Length  of  line 120  miles 

Power  transmitted 32,100  kw. 

Power-factor  of  load 80  per  cent 

Number  of  phases 3 

Conductors  (copper  cables) 300,000  cir.  mils 

Spacing  (effective) 14  feet 

Frequency 60  cycles 

Voltage  at  receiving  end 95,000  volts 

Voltage  at  generating  end 110,000  volts 

Reactive  drop  in  transformers  at  each 

end  at  normal  rated  current 6  per  cent  each 

Resistance  drop  in  transformet^  at 

each  end  at  normal  rated  current . .  0.75  per  cent  each 

Power-factor  of  generators  at  full  load  100  per  cent 

Prob.  86-8.  A  three-phase  transmission  line  140  miles  long  has 
the  following  constants : 

Power  transmitted 15,000  kw. 

Pressure  at  receiving  end  104,000  volts 

Frequency 60  cycles 

Conductors  are  No.  00  stranded  copper,  arranged  in  a  vertical 
plane  spaced  96  inches  apart.  Each  transformer  has  6  per  cent 
reactance,  and  1  per  cent  resistance  drop.  Total  reactance  of 
protective  coils  is  10  per  cent;  resistance,  0.5  per  cent.  Compute 
the  regulation  of  this  line  at  full  load,  85  per  cent  power-factor. 

Prob.  87-8.  What  size  sjmchronous  reactor  is  necessary  to 
produce  constant  voltage  at  the  receiving  end  of  the  line  in 
Prob.  36-8,  if  the  voltage  at  the  generator  is  to  be  adjusted 
and  held  to  a  value  to  require  equal  kv-a.  capacity  of  reactor 
at  no  load  and  at  full  load?  Power-factor  of  generators  at 
full  load,  98.5  per  cent.  At  what  kv-a.  input  and  power-factor 
must  the  s3mchronou8  reactor  operate,  (a)  at  full  load  of  line? 
(6)  at  zero  load  of  Une? 

Prob.  88-8.  At  half  load  (kilovolt-amperes)  and  95  per  cent 
power-factor  on  the  line  of  Prob.  36,  what  reactive  kv-a.  must  the 
synchronous  reactor  supply,  if  the  voltage  at  the  generator  is  to  be 
adjusted  and  held  to  a  value  to  require  equal  kv-a.  capacity  of 
reactor  at  no  load  and  at  full  load? 
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Prob.  8^8.  What  would  be  the  pull-out  load  per  phase  on  the 
synchronous  motor  of  Prob.  4r^,  if  the  field  strength  were  such  that 
the  counter  e.m.f.  became  2000  volts?  Other  conditions  as  in 
Prob.  4-8. 

Prob.  40-8.    Repeat  Prob.  S9S  for  a  field  strength  producing 

4400  volts  induced  e.m.f. 

• 

Prob.  41-6.  The  impressed  voltage  on  the  motor  of  Prob.  30-^ 
is  increased  to  3000  volts. 

(a)  What  value  must  the  field  current  have  in  order  that  the 
armature  current  shall  not  exceed  the  normal  full-load  value^  when 
operating  at  unity-power  factor? 

(b)  What  will  be  the  power  intake  of  the  motor  in  kilowatts  and 
in  kilovolt-amperes  at  full  load? 

Prob.  42-8.  (Construct  circle  diagram  for  the  motor  of  Prob. 
8-8. 

Prob.  48-8.  Determine  the  total  motor  effect  of  motor  in  Prob. 
42-8  at  rated  intake,  unity  power-factor  and  rated  full-load  current 
in  field  coils. 


CHAPTER  IX 
CONVERTERS  AND  RECTIFIERS 

In  many  cities  and  towns  electric  systems  were  installed 
long  before  alternating-current  machinery  had  been  de- 
veloped. The  equipment  of  such  places  necessarily  consists 
of  direct-current  machines.  Even  at  the  present  time  direct- 
current  motors  are  better  adapted  to  certain  kinds  of  work 
—  wherever  adjustable  speed  is  desired,  for  instance.  Some 
commercial  processes,  such  as  electroplating  and  the  charg- 
ing of  storage  batteries,  must  be  done  by  means  of  direct 
currents.  If  it  is  desired  to  take  the  power  for  any  of  these 
installations  from  an  alternating-current  system,  it  is  nece^ 
sary  first  to  convert  the  alternating  currents  to  direct  cur- 
rents. 

For  performing  the  conversion  of  large  quantities  of  alter- 
nating-current power  to  direct-current  power  there  are  two 
machines  in  common  use,  —  the  motor-generator  converter 
and  the  synchronous  converter  (sometimes  called  the  rotary- 
converter). 

123.  The  Motor-generator  Converter.  This  device  con- 
sists of  two  separate  machines,  —  an  alternating-current 
motor  and  a  direct-current  generator,  usually  direct-connected 
to  each  other.  The  motor  used  for  large  sets,  say  over  lOO 
kv-a.,  is  generally  the  synchronous  motor,  on  account  of  its 
constant  speed  and  adjustable  power-factor.  This  is  con- 
nected to  a  compound  direct-current  generator. 

In  the  motor-generator  converter  shown  in  Fig.  298,  the 

motor  (at  the  right)  is  a  10-pole  300-kv-a.  synchronous  motor 

operating  on  2300  volts.    The  direct-current  generator  has  a 

capacity  of  275  kw.,  at  550  volts. 
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By  varying  the  field  current  of  the  motor,  the  power-factor 
of  the  motor  may  be  adjusted  without  affecting  the  voltage 
of  the  generator.  By  varying  the  field  current  of  the  genera- 
tor, the  voltage  of  the  generator  may  be  adjusted  without 
disturbing  the  power-factor  of  the  motor.     For  smaller  Bete, 


Fig.  298.  Motor-generator  converter.  The  motor  on  the  right  ia  a 
synchronous  motor  operating  on  2300  volts.  The  direeUcuirent 
generator  on  the  left  delivers  275  kw.  at  550  volts.  The  General 
Elediit  Co. 

the  power-factor  of  which  is  of  much  leas  importance,  an  in- 
duction motor  is  generally  used  because  it  can  be  started 
much  more  easily  than  the  synchronous  motor. 

124.  The  Synchronous  Converter.  Instead  of  using 
two  separate  machines  for  motor  and  generator,  it  is  more 
general  practice  to  make  one  machine,  a  synchronous  motor 
of  the  revolving-armature  type,  perform  the  function  of  both 
motor  and  generator.  Tlie  alternating  current  enters  the 
closed  winding  of  the  armature  through  the  collecting-rings 
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and  causes  the  rotor  to  turn  in  synchronism  with  the  alterna- 
tions of  the  current,  as  explained  in  Chapter  VIII  for  the 
revolving  field  type.  We  thus  have  a  revolving  armature 
with  alternating  currents  surging  back  and  forth  through  the 
windings.  We  are  already  familiar  *  with  the  facts  that  the 
armature  windings  of  a  direct-current  generator  always  carry 
such  alternating  currents,  and  that  a  commutator  properly- 
connected  to  the  windings  is  all  that  is  necessary  to  cause 
direct  current  to  be  delivered  to  a  set  of  brushes.  Thus  we 
have  only  to  tap  the  windings  at  the  proper  points  and  con- 
nect these  taps  to  the  proper  segments  of  a  commutator  in 
order  to  deliver  direct  current  to  a  set  of  brushes  bearing  on 
the  commutator. 

Thus  the  same  armature  fitted  with  collecting-rings  and  a 
commutator,  revolving  in  a  field  separately  excited  from  a 
source  of  direct-current  supply,  receives  alternating  current 
at  the  rings  and  delivers  direct  current  at  the  commutator. 
Such  a  machine  is  called  a  synchronous  converter  or  a  ro- 
tary converter  and  is  shown  in  Fig.  299.  The  simple  scheme 
of  winding  and  tapping  an  armature  of  such  a  converter  has 
been  indicated  in  Art.  72  of  the  First  Course,  but  vnl\  be 
taken  up  in  greater  detail  in  this  chapter.  It  is  suflScient  at 
present  to  know  that  the  synchronous  converter  can  be  con- 
sidered either  as  a  synchronous  motor  having  a  revolving 
armature  fitted  with  a  commutator,  or  a  direct-current 
generator  having  an  armature  fitted  with  collecting-rings. 

125.  The  Synchronous  Converter  Versus  the  Motor- 
generator.  The  synchronous  converter  has  the  following 
advantages  over  a  motor-generator  converter: 

First:  The  synchronous  converter  has  a  higher  efficiency 
than  a  motor-generator  of  the  same  rating.  The  synchronous 
converter  has  but  one  field,  thus  the  field  loss  is  smaller.  It 
has  but  one  armature,  thus  the  core  loss  is  smaller.  The 
currents  in  the  armature  windings  are  the  resultants  of  the 
direct  currents  and  the  alternating  currents  which  most  of 

♦  Sec  First  Courae,  Art.  65,  66,  72. 
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the  time  are  opposing  each  other.  Thus  the  PR  loss  in  the 
armature  of  the  synchronous  converter  is  smaller  than  it 
would  be  in  either  a  motor  or  a  generator  handling  the  same 
amoimt  of  power.    Accordingly,  it  is  much  smaller  than  the 


Fio.  299.  Synchronous  converter.  Alternating  current  is  received  at 
the  collecting-rings  on  the  riiiht  and  direct  current  is  delivered  at 
the  bniRhea  bearing  on  the  commutator  at  the  left.  The  General 
Bkctrie  Co. 

PR  loss  in  a  motor-generator  which  has  two  armatures,  each 
with  a  higher  PR  loss. 

These  smaller  losses  all  result  in  the  synchronous  conver- 
ter having  a  higher  efficiency  than  the  motor-generator  in 
the  conversion  of  a  given  amount  of  power.  The  benefit  of 
this  higher  efRcieney  of  the  synchronous  converter,  however, 
may  be  lost,  because,  in  order  to  regulate  the  voltage  on 
the  direct-current  side,  it  is  frequently  necessary  to  use 
auxiliary  apparatus,  the  added  losses  of  which  lower  the 
over-all  efficiency. 
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Relative  efficiencies  of  the  two  devices  are  given  as  follows 
in  the  American  Handbook  for  Electrical  Engineers. 

P«ro»nt 

Efficiency  of  converter 93 

Efficiency  of  transformer  (which  generally  has  to 

be  used  with  converter) 97 

Efficiency  of  converter  and  transformer  (0.97  X  0.93)  90 

Efficiency  of  synchronous  motor 93 

Efficiency  of  direct-current  generator 92 

Efficiency  of  motor-generator  converter  (0.92  X  0.93)  85 .  ^ 
Efficiency    of    motor-generator    converter    (if    a 

transformer  is  necessary)  (0.97  X  0.855) 83 

Second:  The  synchronous  converter  weighs  less  and  occu- 
pies less  space  per  kilovolt-ampere  capacity. 

Third:  The  cost  of  a  synchronous  converter  may  fairly  be 
taken  to  average  about  $11.00  per  kilowatt  for  the  larger 
units.  The  cost  of  a  motor-generator  is  from  25  to  50  per 
cent  greater  than  this,  so  that  if  no  large  amount  of  auxiliary 
apparatus  is  require<l,  the  synchronous  converter  is  much 
cheaper  than  the  motor-generator. 

The  motor-generator  converter  has  the  foUowing  ad- 
vantages over  the  synchronous  converter: 

First:  By  using  induction  motors  for  the  drive,  motor- 
generator  converters  of  small  capacity  (less  than  100  kw.) 
start  easily  and  operate  satisfactorily.  They  are  much  used 
in  central  stations  for  the  purpose  of  furnishing  the  direct 
current  for  the  fields  of  the  alternators.  Small  rotary  con- 
verters are  difficult  to  start  and  have  the  instability  of  small 
synchronous  motors.  Thus  they  do  not  operate  weU  on  lines 
where  sudden  changes  in  load  occur. 

Second:  The  voltage  of  the  generator  of  a  motor-generator 
can  be  controlled  and  regulated  by  compounding  the  field  so 
that  constant  voltage  may  be  maintained  across  the  direct- 
current  brushes,  even  though  the  alternating  pressure  varies 
through  wide  ranges,  as  it  may  at  the  end  of  long  lines.     The 
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voltage  across  the  direct-current  brushes  of  a  synchronous 
converter  holds  practically  a  fixed  ratio  to  the  alternating 
voltage  across  the  rings.  Thus  transformers  are  usually 
necessary  with  synchronous  qonverters  in  order  to  lower  the 
alternating  voltage  so  as  to  bring  the  direct  voltage  down  to 
commercial  value.  Any  change  in  the  alternating  voltage 
produces  a  corresponding  change  in  the  direct  voltage. 
Changing  the  field  excitation  of  a  synchronous  converter 
produces  almost  no  change  in  the  voltage  across  the  direct- 
cm^rent  brushes.  It  merely  changes  the  angle  of  lead  or  lag 
of  the  alternating  current  taken  by  the  machine,  as  explained 
in  Chapter  VIII  in  the  case  of  synchronous  motors.  Thus 
wherever  the  direct-current  voltage  must  be  made  to  vary 
through  wide  ranges,  a  motor-generator  converter  is  usually 
preferred. 

There  are  various  devices  for  regulating  the  direct  voltage 
of  a  synchronous  converter  and  maintaining  it  constant 
throughout  a  limited  amount  of  change  in  the  alternating 
voltage,  but  they  all  mean  extra  expense  and  many  require 
expert  attendants.    They  will  be  taken  up  in  detail  later. 

Third:  The  synchronous  motor-generator  can  be  used  to 
improve  the  power-factor  of  the  load  on  a  system.  The 
direct-current  generator  may  be  run  idle  and  the  total 
kilovolt-^mpere  capacity  of  the  synchronous  motor  may  be 
used  to  supply  only  reactive  power  to  the  line,  or  part  of  its 
load  may  consist  of  effective  power.  A  synchronous  motor 
can  in  this  way  supply  70  per  cent  of  its  rated  kilovolt-ampere 
capacity  as  reactive  power,  and  still  be  able  to  supply  at  the 
same  time  another  70  per  cent  of  real  power  (kilowatts)  to 
the  generator  to  be  converted  into  direct-current  power. 

While  it  is  true  that  the  power-factor  of  the  power  taken 
by  a  synchronous  converter  can  be  varied  just  as  that  of  a 
synchronous  motor  by  means  of  changing  the  field  current, 
still  it  will  be  shown  later  that  the  kilovolt-ampere  capacity 
of  the  converter  is  lowered  rapidly  as  its  power-factor 
departs  very  much  from  unity,  —  a  power-factor  of  0.90  low- 
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ering  the  capacity  to  about  70  per  cent  of  its  unity  power- 
factor  rating.  It  is  thus  undesirable  to  depend  upon  the 
synchronous  converter  to  supply  much  reactive  power  to  the 
line  load. 

Example  1.  A  power  station  is  supplying  7500  kw.  at  80  per  cent 
lagging  power-factor,  which  puts  the  rated  full  load  (in  kilovolt- 
amperes)  upon  the  generators. 

(a)  How  many  kilowatts  can  be  added  to  the  above  load  by  the 
use  of  a  synchronous  motor  if  it  is  over-excited  enough  to  produce 
unity  power-factor  in  the  load  on  the  generators? 

Q))  At  what  power-factor  must  the  synchronous  motor  be  run? 

(c)  Assuming  an  efficiency  of  90  per  cent  at  this  load,  how  many 
horse  power  mechanical  load  can  the  motor  carry  in  addition  to 
supplying  the  necessary  reactive  load? 


7500  Kw. 


AiasOKw^C 


Fig.  300.  The  vector  OB  represents  the  load  carried  by  the  generators 
with  no  synchronous  motor.on  the  line.  If  a  synchronous-motor  load, 
represented  by  the  vector  BC  is  added,  the  generator  must  carry  a 
load  represented  by  the  vector  OC,  which,  however,  is  no  greater  than 
the  vector  OB  which  represented  the  original  load,  because  the  power- 
factor  is  improved. 

Construct  Fig.  300,  drawing  the  vector  OA  to  represent  the 
7500  kw.,  or  effective  power.  Draw  the  vector  OB  at  an  angle  of 
37°  (arc  cos  0.80)  to  OA  to  represent  the  total  apparent  power  which 
the  generators  must  produce  in  order  to  deliver  7500  kw.  at  80 
per  cent  power-factor. 

OB  =  ^  =  9380kv-a. 
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If  the  generators  were  delivering  9380  kv-a.  at  unity  power-factor 
they  would  be  delivering  9380  kw.  effective  power.  They  would 
thus  be  delivering  9380  —  7500  or  1880  kw.  more  of  real  power. 

Add  vector  AC,  Fig.  300,  to  vector  OA  to  represent  this  added 
effective  power.  Vector  OC  would  then  represent  the  same  load  at 
unity  power-factor  on  the  generators  that  vector  OB  does  at  0.80 
power-factor.  Or  OC  represents  the  resultant  load  when  a  load  of 
9380  kv-a.  at  0.80  lagging  power-factor  is  combined  with  some  other 
load  to  produce  9380  kv-a.  at  imity  power-factor.  This  other  load, 
which  combined  with  the  9380  kv-a.  at  a  lagging  0.80  power-factor 
will  produce  9380  kw.,  must  be  represented  by  the  vector  5C,  since 
OC  is  merely  the  resultant  of  OB  and  BC. 

BC  =  VbI*TIc». 

BA  =  9380  sin  37° 

=  6630. 
AC  =  188a 

BC  =  V56302  -h  1880* 
=  5940  kv-a. 

(a)  Thus  the  synchronous  motor  may  take  5940  kv-a.  from  the 
line  and  stiU  not  increase  the  load  on  the  generators.  But  note 
that  of  this  load,  6630  kv-a.  (represented  by  the  line  AB)  must  be 
a  leading  reactive  load,  to  counterbalance  the  5630  kv-a.  lagging 
reactive  load  already  on  the  Une.  The  effective  part  of  the  added 
load  is  1880  kv-a.  at  unity  power-factor.  The  power-factor  of  the 
synchronous  motor  load  is  thus 

(h)  effective  power  ^  1880  ^  ^  ^^^  Xesjdan 

apparent  power      5940 

At  90  per  cent  efficiency,  the  motor  could  supply  a  mechanical 
load  of, 

(c)  0.90  X  1880  X  -^  =  2260  h.p. 

Thus  by  using  an  over-excited  synchronous  motor,  2260  more 
horse  power  can  be  taken  from  the  line  without  adding  to  the  load 
on  the  generators. 

Prob.  1-9.  If  the  motor  of  Example  1  were  direct-connected  to 
a  direct-current  generator  having  92  per  cent  efficiency,  how  many 
kilowatts  could  it  convert  to  direct-current  power  under  the  con- 
ditions of  Example  1? 

Prob.  2-9.  (a)  How  many  kilowatts,  direct-current,  could  be 
deUvered  by  the  motor-generator  converter  of  Prob.  1,  if  the  motor 
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is  over-excited  enough  to  raise  the  power-factor  of  the  system  of 
Example  1  to  0.90  lagging,  and  not  add  any  kv-a.  load  to  the  gen- 
erators? Generator  efficiency,  92  per  cent.  Motor  efficiency,  90 
per  cent.  (6)  At  what  power-factor  must  the  synchronous  motor 
operate  in  this  case? 

Prob.  J^-9.  (a)  If  a  synchronous  converter  operating  at  90  per 
cent  leading  power-factor  were  used  to  supply  the  same  direct- 
current  power  as  in  Prob.  2,  how  many  kilovolt-amperes  would  be 
added  to  the  load  on  the  generators?  Assume  an  efficiency  of 
95  per  cent  for  the  converter.  (6)  At  what  power-factor  will  the 
generators  now  operate? 

Prob.  4-9.  It  is  fair  to  assume  that  the  s3mchronou8  converter 
of  Prob.  3,  when  operating  at  90  per  cent  power-factor,  can  deliver 
not  more  than  70  per  cent  of  its  rated  load  (i.e.,  its  load  at  unity 
power-factor).  What  must  be  the  full-load  rating  (unity  power- 
factor)  of  the  converter  of  Prob.  3? 

Prob.  ^-9.  How  many  revolutions  per  minute  will  the  motor- 
generator  converter  of  Fig.  298  make  when  operating  on  a  60-cycle 
system?    The  motor  has  10  poles. 

Prob.  ^-%.  How  many  poles  would  the  motor  of  Prob.  5  have 
if  it  were  intended  to  operate  at  750  r.p.m.  on  a  25-cycle  system? 

126.  Ratio  of  the  Alternating  E.M.F.  to  the  Direct  E.M.F. 
in  a  Synchronous  Converter. 

Single-phase.  Consider  the  diagram  of  a  simple  single- 
phase  synchronous  converter  shown  in  Fig.  301.  The  poles 
N  and  S  are  excited  by  direct  current  from  an  outside  source. 
Alternating-current  power  is  delivered  to  the  collecting-rings 
A  and  B  from  an  outside  source.  From  these  rings  the  lead 
wires  M  and  N  deliver  the  alternating  current  to  the  arma- 
ture winding  at  the  two  tapping  points  a  and  b,  situated  180 
electrical  degrees  apart  from  each  other.  At  the  instant 
shown  in  Fig.  301  the  alternating  e.m.f.  and  current,  at  unity 
power-factor,  would  be  at  a  maximum,  and,  considering  the 
lead  M  positive  at  this  instant,  the  armature  current  would 
cause  the  armature  to  rotate  counter-clockwise  as  indicated. 
There  would  then  be  set  up  in  the  armature  windings  an  in- 
duced e.m.f.  as  marked  in  the  coils.  Note  carefully  that 
whatever  current  the  alternating  e.m.f.  may  force  through 
the  armature  windings  at  this  instant  must  be  forced  against 
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the  induced  e.m.f.  and  must  then  produce  a  motor  effect  tend- 
ing to  turn  the  armature  in  a  counter-clockwise  direction. 

Note  also  that  an  alternating  current  at  this  instant  can 
flow  directly  from  the  wires  M  and  N  through  the  neutral 
coils  to  the  direct-current  brushes  without  going  through  the 


Fia.  301.  Diagram  of  the  annature  winding  and  c 
single-phMe  synchronoua  converter.  At  Uiis  instant  the  maximum 
value  of  the  alternating  e.m.t.  b  bebg  delivered  through  the^rings  to 
the  annature  at  the  tapping  points  a  and  b,  causing  it  to  rotate  as 
marked.  The  induced  e.m.f.  marked  on  the  armature  winding  is 
being  delivered  to  the  brushes  Bi  and  B,. 

armature.  Any  appliance  attached  to  the  brushes  B,  and  Bj 
would  at  this  instant  receive  ^  its  power  directly  from  the 
alternating  Une. 

Let  us  assume,  for  the  sake  of  simplicity,  that  the  arma- 
ture resistance  and  reactance  are  negligibly  small,  and  that 
the  losses  and  reactions  can  be  neglected  as  is  practically  true 
when  the  converter  is  running  idle.  Under  these  conditions, 
the  e.m.f.  induced  in  the  windings  is  practically  equal  to  the 
impressed  e.m.f.  Now  the  induced  e.m,f.  is  the  e.m.f.  which 
is  delivered  by  the  armature  to  the  direct-current  brushes, 
and  the  impressed  e.m.f.  is  the  maximum  instantaneous  value 
of  the  impressed  alternating  e.m.f. 
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When  the  armature  has  turned  through  90®,  the  induced 
e.m.f.  between  the  taps  a  and  b  becomes  zero.  But  since 
the  machine  is  in  synchronism  and  in  phase  with  the  line 
voltage,  the  impressed  e.m.f.  between  the  rings  AB  at  this 
instant  has  also  become  zero.  There  is  thus  no  current  in 
the  wires  M  and  N.  The  direct  e.m.f.  across  the  brushes, 
Bi  and  B^,  however,  will  be  the  same  as  before. 
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Fia.  3QJ2.  The  armature  of  Fig.  301  has  turned  through  90**.  The 
impressed  alternating  voltage  between  the  tapping  points  is  sero  at 
this  instant.  The  induced  e.m.f.  between  the  brushes  Bi  and  Bt  is 
the  same  as  in  Fig.  301. 


We  thus  have  a  direct  e.m.f.  at  the  brushes  which  is  equal 
to  the  maximum  value  of  the  alternating  e.m.f.  at  the  rings, 
and  we  may  write  the  equation 


Ed  =  E, 


m> 


in  which 


Ed  =  direct  induced  e.m.f. 

Em  —  maximmn  value  of  impressed  alternating  ejn.f. 

Since  the  alternating  e.m.f .  is  harmonic, 

E  =  0.707  Em. 
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Therefore 

E  =  0.707  Ea; 

where    E  =  eflfective  value  of  impressed  alternating  e.m.f. 
Ed  =  direct  induced  e.m.f. 

Thus  for  a  single-phaBe  converter,  we  may  say  that  at  no  load 
the  alternating  voltage  is  0.707  of  the  direct  voltage. 

Two-phase.  In  a  two-phase  (four-ring)  converter,  the  sec- 
ond phase  is  tapped  at  points  midway  between  the  single- 


Itotatton 


Fio.  303.  Diagram  of  a  three-phase  three-ring  converter.  The  im- 
pressed three-phase  alternating  voltage  is  brought  to  the  three  equi- 
distant tapping  points  abc  on  the  armature.  The  induced  voltage  is 
delivered  as  before  to  the  brushes  Bi  and  Bt. 

phase  taps,  the  voltage  across  one  phase  being  at  a  maximum 
when  it  is  zero  across  the  other  phase.  Thus  the  voltage 
across  each  phase  of  a  two-phase  tapping  is  the  same  as 
the  voltage  across  a  single-phase  tapping.  Accordingly,  the 
alternating  voltage  in  each  phase  of  a  two-phase  converter, 
also,  is  0.707  of  the  direct  voltage. 

Three-phase.    For  the  voltage  relations  in  a  three-phase 
converter,  consider  Fig.  303  and  304.    The  three  lead  wires 
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are  tapped  into  the  annature  windings  at  three  equidistant 
points  a,  b  and  c  (that  is,  with  eight  coils  between  any  two 
taps),  and  brought  out  to  their  respective  slip  rings  A^  B 
and  C.  The  alternating  voltage  impressed  on  the  rings  is 
thus  applied  to  the  armature  at  these  three  points  and  causes 
the  armature  to  rotate  as  a.  synchronous  motor.  This  in- 
duces an  e.m.f.  in  the  armature  windings  of  practically  a 
sine-wave  form.* 

Let  the  vector  1  in  Fig.  304  represent  the  maximum  e.m.f. 
induced  in  coil  1,  and  vector  2  the  maximum  ejn.f.  induced 
in  coil  2,  etc.    Note  that  the  e.m.f  .'s  differ  in  phase  with  one 

360® 
another  by  -^rj-  or  15°.     Thus  the  e.m.f.  in  coil  2  is  15*^ 

24 

ahead  of  the  e.m.f.  in  coil  1,  the  e.m.f.  of  coil  3  is  15®  ahead 
of  the  e.m.f.  in  coil  2,  etc.  The  maximum  induced  e.m.f. 
through  the  twelve  coils  on  one  side  or  path  of  the  armature, 
coils  1  to  12,  and  24  to  13  inclusive,  equals  the  vector  sum  of 
the  maximmn  voltages  across  each  coil.  We  have  seen  that 
this  maximum  e.m.f.  across  twelve  coils  is  the  voltage  be- 
tween the  direct-current  brushes. 

The  maximum  induced  e.m.f.  between  any  two  of  the 
alternating-current  taps  equals  the  vector  sum  of  the  maxi- 
mum e.m.f.'s  in  the  eight  coils  composing  the  phase.  Thus 
the  vector  ab,  Fig.  304,  is  the  vector  sum  of  the  maximum 
e.m.f  .'s  in  coils  3  to  10,  inclusive,  and  represents  the  maximum 
value  of  the  induced  e.m.f.'s  across  the  phase  ob,  which  is 
composed  of  these  coils.  This  maximum  value  of  the  induced 
e.m.f.  will  take  place  when  the  phase  ob  is  in  the  position 
shown  in  Fig.  303  and  304,  because  at  that  instant  the 
instantaneous  values  of  the  voltages  in  the  several  coils 
composing  the  phase  are  nearest  the  maximum  value. 
Note  that  in  Fig.  303  at  this  instant  the  coils  3  to  10  are 
cutting  lines  of  flux  at  the  angle  most  nearly  equal  to  a  right 
angle  and  therefore  at  the  greatest  rate.    Fig.  304  shows  the 

^  See  First  Courae,  Chap.  VIII. 
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same  fact,  in  that  the  vectors  3  to  10  are  so  situated  that  their 
resultant  ab  makes  a  right  angle  with  the  horizontal,  —  this 
being  the  position  of  a  vector  corresponding  to  the  maximum 
instantaneous  value. 

Assuming  the  armature  resistance,  reactance,  etc.,  to  be 
n^^ligible,  as  they  practically  are  at  no  load,  the  impressed 


unload 


FiQ.  304.  Vector  diagram  of  the  induced  and  impressed  voltage  in  the 
armature  winding  of  a  three-phase  converter.  The  maximimi  induced 
voltage  between  the  points  a,  h  and  c  is  equal  and  opposite  to  the  im- 
pressed voltage  at  all  times. 


alternating  e.m.f.  equals  the  induced  alternating  e.m.f.  in 
each  phase,  at  all  instants.  If  the  maximum  induced  e.m.f . 
ab  occurs  at  the  instant  shown  in  Fig.  303  and  304,  then  the 
maximum  impressed  ejn.f.  ba  should  occur  at  the  same 
instant.  Otherwise  there  would  be  instants  when  the  in- 
duced ejn.f.  was  higher  than  the  impressed  ejn.f.   and 
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currents  would  be  sent  back  from  the  armature  windings  into 
the  source  of  supply.  Thus  the  vector  ab  represents  the 
maximum  induced  e.m.f.  in  the  phase  ab  and  also  the  maxi- 
mum e  jni.  impressed  on  the  phase  ba,  which  of  course  is  in 
the  opposite  direction  to  the  induced  eani. 

Accordingly,  the  ratio  of  the  vector  ba  to  the  vector  BtBi 
equals  the  ratio  of  the  maximum  impressed  alternating 
e.m.f.  to  the  direct  ejn.f.,  of  a  three-phase  converter.  This 
ratio  is  merely  the  ratio  of  a  side  of  an  equilateral  triangle 
to  the  diameter  of  a  circle  circumscribed  about  the  triangle. 
Thus  in  Fig.  305;  the  ratio 

AB  _  maximum  impressed  alternating  e.m.f.,  three-phase 
AD  direct  e.m.f. 

Since  the  angle  ABD,  Fig.  305,  is  a  right  angle,*  and  the 
angle  ADB  is  60°, 

-^  =  sin  60**  =  0.866. 

Thus  the  maximum  value  of  the  alternating  e.m.f.  is  0.866 
of  the  direct  e.m.f . 

But  the  effective  value  of  alternating  e.m.f.  is  the  value 
generally  used  and  this  is  0.707  of  the  maximum  value  when 
the  e.m.f.  has  a  sine  wave-form. 

Therefore  the  effective  value  of  the  impressed  alternating 
e.m.f.  is  0.707  X  0.866  or  0.612  of  the  direct  e.m.f. 

The  actual  values  of  the  ratio  of  alternating  voltage  to 
direct  voltage  varies  but  Uttle  from  the  ideal  values  of  this 
article.  Any  variation  may  be  due  to  any  of  the  following 
causes: 

*  An  angle  inscribed  in  a  semicircle  is  a  right  angle. 

Any  angle  at  the  circumference  of  a  circle  is  equal  to  one-half  of  the 

angle  at  the  center  whose  sides  cut  out  the  same  arc  on  the  circumf eroice. 

The  arc  AB  is  120®,  therefore  the  angle  ADB  which  subtends  this  arc  is 

120** 

-y-  -  60**.    Similarly  the  angle  DBA  is  a  right  angle. 


CONVERTERS  ANt)  RECTIFIERS 


601 


(a)  The  wave-form  of  the  e.m.f.  induced  in  the  windings 
may  not  be  that  of  a  sine  curve  and  thus  the  effective  value 
would  not  be  exactly  0.707  of  the  maximum.  This  depends 
largely  upon  what  fraction  of  the  pole  pitch  is  covered  by 
the  pole-shoe.    It  has  been  found  that  if  about  70  per  cent 


Fia.  305.   The  line  AD  represents  the  Value  of  the  voltage  across  the 

direct-current  brushes.    The  lines  AB,  BC  and  CA  represent  the  maxi- 

AC 
mum  value  of  the  impressed  alternating  voltage  jj^  =  0.866. 

of  the  pole  pitch  is  covered  by  the  pole-shoe,  then  the  induced 
e.m.f.  will  have  practically  a  sine  wave-form.*  As  modern 
converters  are  designed  very  closely  to  this  specification, 
the  form  of  the  e.m.f.  is  very  close  to  that  of  a  sine  wave. 

The  wave-form  of  the  impressed  e.m.f .  also  must  be  approxi- 
mately a  sine  wave  in  order  not  to  affect  the  ratio  of  voltages. 
It  is  especially  important  that  the  wave-form  of  impressed 
e.m.f.  shall  coincide  exactly  with  that  of  the  induced  ejn.f., 
otherwise  equalizing  currents  of  considerable  magnitude  may 
circulate  in  the  armature  windings.  See  pages  85  and  87 
of  this  volume. 

♦  See  First  Course,  Chap.  VIII. 
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(6)  The  direct-current  brushes  may  not  be  set  on  the 
neutral  axis  and  accordingly  the  direct  voltage  would  not 
be  the  maximum  induced  voltage. 

(c)  The  resistance  of  the  armature  must  be  overcome 
whenever  the  machine  is  deUvering  current.  Voltage  across 
the  direct-current  brushes  would  be  a  Uttle  lower  than  the 
induced  e.m.f.  when  the  machine  is  converting  alternating 
current  to  direct  current.  The  ratio  of  alternating  voltage  to 
direct  voltage  would  thus  be  a  Uttle  larger  at  full  load  than  at 
no  load.  For  the  same  reasons,  if  the  machine  is  used  to 
convert  direct  current  to  alternating  current  the  ratio  would 
be  lower  at  full  load.  The  converter  is  then  said  to  be 
inverted.  The  following  table  is  based  on  data  published  by 
the  General  Electric  Co. 


TABLE  I 

Voltage  Ratios  of  Converters 

Ratio  of  Alternating  E.M.F.  to  Direct  E.M.F. 


Number  ot  phases. 

« 

Under  ideal 
conditions. 

Under  actual  oonditions. 

Full-load 
straight. 

FuU-load 
inverted. 

One,  two,  six  (diametral) 
Three  or  six  (double-delta) 

0.707 
0.612 

0.71 
0.62 

0.675 
0.580 

1 

Example  2.  It  is  desired  to  maintain  550  volts  between  the 
direct-current  brushes  of  a  three-phase  s3aichronous  converter. 
What  alternating  e.m.f .  must  be  applied  between  the  rings? 

For  a  three-ring  converter, 

E  =  0.62  Ed 
«  0.62  X  550 
=  341  volts  (at  full  load). 

The  following  figures  will  serve  to  help  one  remember  the 
relation  between  the  voltage  at  the  direct-current  brushes 
and  the  voltage  at  the  alternating-current  rings  for  the 
various  schemes  of  tapping  the  armature  and  comiecting 
the  transformers. 
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Single-phase   and   two-phase. 
(Ideal.) 


Single-phase  and  two-phase. 
(Actual.) 


Six-phase  diametral.     (Ideal.) 


Six-phase  diametral.    (Actual.) 


Six-phase  double-delta. 
(Ideal.) 


Six-phase  double-delta. 
(Actual.) 


Relation  between  the  alternating  voltage  and  the  direct  voltage  of 

synchronous  converters. 
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Prob.  7-9.  If  the  e.m.f .  of  a  3-phase  2300-volt  transmission  line 
were  applied  directly  to  the  rings  of  a  3-ring  converter,  what 
would  be  the  voltage  across  the  direct-current  brushes? 

Prob.  8-9.  In  Fig.  303  and  304  the  voltage  across  each  coil  is 
harmonic  and  has  a  maximum  value  of  40  volts. 

(a)  What  is  the  maximum  e.m.f .  induced  in  phase  hat 

(b)  What  is  the  voltage  across  the  direct-current  brushes  at 
no  load? 

(c)  From  (a)  and  (6),  what  is  the  ratio  of  maximum  induced 
voltage  in  phase  ba  to  the  no-load  voltage  across  the  direct-current 
brushes? 

Prob.  9-9.  By  addition  of  instantaneous  coil  e.m.f.'s,  what  is 
the  instantaneous  induced  voltage  across  the  phase  cb  at  the  instant 
shown  in  Fig.  303  and  304?    Maximum  e.m.f.  in  each  coil = 40  volts. 

Prob.  10-9.  (a)  From  the  value  of  the  voltage  impressed  across 
phase  ba  as  found  in  Prob.  8,  compute  the  instantaneous  impressed 
voltage  across  phase  cb  at  the  instant  shown  in  Fig.  303  and  304. 

(6)  How  does  this  value  compare  with  the  instantaneous  in- 
duced e.m.f.  of  Prob.  9? 

Prob.  11-9.  If  we  regard  a  two-phase  converter  as  a  four-phase^ 
machine,  what  fraction  of  the  direct  voltage  is  the  eflfective  alter- 
nating e.m.f.  between  adjacent  taps  or  rings,  at  no  load?  (Instead 
of  stating  the  voltage  of  a  two-phase  alternator  as  that  between 
adjacent  rings,  it  is  customary  to  state  the  voltage  across  one  phase 
as  the  two-phase  voltage.) 

Prob.  13-9.  Derive  the  ratio  of  the  eflfective  alternating  e.m.f. 
impressed  across  adjacent  rings  of  a  six-phase  converter  to  the 
e.m.f.  across  the  direct-current  brushes. 

(It  is  customary  to  state  as  the  alternating  e.m.f.  of  a  six-phase 
converter,  either  the  voltage  between  rings  which  are  tapped  to 
points  180  electrical  degrees  apart  on  the  armature,  or  the  voltage 
between  rings  tapped  to  points  which  are  120  electrical  degrees 
apart.  This  makes  the  e.m.f.  ratios  of  a  six-phase  converter  the 
same  as  that  of  a  single-phase  or  that  of  a  three-phase.  See  Art. 
126  and  127.) 

127.  Ratio  of  Alternating  Current  per  Ring  to  Direct 
Current.  Single-phase  Converter.  If  we  neglect  the  losses 
in  the  converter,  which  are  actually  very  small,  the  total 
alternating-current  power  put  in  at  the  rings  equals  the  total 
direct-current  power  taken  out  at  the  brushes. 
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For  a  stngle-phase  machine,  this  may  be  written 
(a)  EJi  cos  e  =  EJd, 

in  which 

El  =  effective  value  of  single-phase  alternating  e.m.f. 

/i  =  effective  alternating  current  delivered  to  one  ring. 
Ed  =  voltage  across  direct-current  brushes. 

Id  =  direct  current  delivered,  total  amperes. 
Cos  6  =  power-factor. 

Since  a  synchronous  converter  is  designed  to  operate  at 
unity  power-factor,  let  us  take  cos  d  as  1. 
We  have  seen  that  in  a  single-phase  converter 

El  =  0.707  Ed. 

Thus  we  may  substitute  these  values  in  equation  (a)  and 
obtain 

0.707  EJi  =  EJd, 

I  -    '' 
'      0.707' 

=  1.41 /d. 

Due  to  the  losses  in  the  machine  and  the  occasional  lower 
power-factor,  the  ratio  is  a  Uttle  greater  than  1.41  in  an 
actual  converter. 

Example  3.  At  100  per  cent  efficiency  and  unity  power-factor, 
what  would  be  the  alternating  current  per  line  wire  and  voltage 
between  rings  of  a  single-phase  converter  which  was  delivering 
400  kw.  direct-current  power  at  220  volts? 

.       400,000      ^^^ 

id  =       '       =  1820  amperes. 

7i  =  1.41  Id 

=  1 .41  X  1820 

=  2570  amperes. 
^1  =  0.707  X  220 

=  155.6  volts. 

Example  4.  If  the  converter  in  Example  3  is  operated  on  95  per 
cent  power-factor  at  90  per  cent  efficiency,  what  would  be  the 
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alternating  current  and  voltage  when  delivering  400  kw.  direct 
current  at  220  volts? 

Alternating-current  power  »  EJi  cob  $, 

==  0.95  EJi. 

Direct-current  power  «  EJa  »  400,000  watts  -=  0.90  of  0.95  EJu 

El  =  0.71  Ed 
=  0.71  X  220 
»  156.2  volts. 

Therefore,  since 

EdJd  =  0.90  X  0.95  X  156.2  X  /i  «  400,000, 
400,000 


/i  = 


0.90X0.95X156.2 
2995  amperes. 


Three-phase  Converter.  The  alternating-current  power  re- 
ceived at  the  rings  of  a  three-phase  converter  running  at 
unity  power-factor,  if  we  neglect  the  slight  losses  in  the  ma- 
chine, would  be  equal  to  the  direct-current  power  delivered 
at  the  direct-current  brushes. 

1.73EJzC0Qe  =  EJd, 
where 

Ei  =  effective  voltage  between  alternating-current  rings. 
Iz  =  effective  current  delivered  to  each  ring. 

But  coaS  =  1.0 

and  Ei  »  0.612  Ed. 

Thus  we  may  write 

1.73  X  0.612  Ediz  X  1.0  =  Edid, 

/8  = 


Id 


1.73  X  0.612 
=  0.943  Id. 

As  three-phase  converters  always  operate  at  less  than  100 
per  cent  efficiency  and  sometimes  at  less  than  unity  power- 
factor,  the  alternating  current  per  ring  is  always  somewhat 
greater  than  0.943  of  the  direct  current  delivered  by  the 
machine. 
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Prob.  lS-9.  A  three-phase  three-ring  converter  is  taking  1000 
amperes  per  ring  at  a  voltage  of  700  between  rings.  If  it  were 
operating  at  100  per  cent  efficiency  and  unity  power-factor,  what 
direct  current  would  it  be  delivering,  and  at  what  voltage? 

Prob.  14-9.  What  would  be  the  direct  current  and  voltage,  if 
the  converter  of  Prob.  13  were  running  with  same  alternating 
current  and  voltage  at  the  rings,  but  were  operating  under  practical 
conditions  of  98  per  cent  power-factor  and  92  per  cent  efficiency? 

Prob.  16-9.  Determine  the  ratio  of  the  alternating  current  per 
ring  of  a  six-ring  converter  to  the  direct  current  at  the  brushes  for 
the  ideal  conditions  of  100  per  cent  efficiency  and  unity  power- 
factor. 

Prob.  16-9.  What  would  be  the  alternating  current  per  ring  and 
the  alternating  voltage  between  adjacent  rings  in  a  six-phase 
converter  operating  at  imity  power-factor  and  93  per  cent  efficiency, 
if  it  were  delivering  2000  amperes  direct  ciurent  at  550  volts? 

128.  The  Operation  of  Six-ring  Converters  on  Three- 
phase  Systems.  On  account  of  the  resulting  economy  of 
design,  two  reasons  for  which  are  shown  in  §135,  most 
converters  are  built  with  six  collecting-rings.  Since  most 
transmission  lines  are  three-wire  systems,  special  trans- 
former connections  are  employed  to  step  down  the  three- 
phase  power  of  the  transmission  line  and  change  it  into  the 
six-phase  power  required  by  the  converter.  These  special 
connections  are  discussed  fully  in  §57  from  the  viewpoint 
of  the  transformers.  In  this  article  the  discussion  is  from 
the  converter  viewpoint. 

Diametral  Connecdons.  We  may  start  with  a  three-ring 
converter  tapped  as  in  Fig.  303,  and  add  three  extra  taps  to 
it  as  in  Fig.  306;  that  is,  a  tap  at  (ai)  diametrically  opposite 
tap  (a),  one  at  (&i)  diametrically  opposite  tap  (b)  and  one  at 
(ci)  diametrically  opposite  tap  (c) .  Each  of  these  taps  is  now 
connected  to  a  ring,  necessitating  six  rings  instead  of  the 
three  of  Fig.  303.  This  gives  us  a  converter  tapped  at  six 
points  and  supplied  with  six  rings.  We  may  now  connect  a 
transformer  across  each  diametrical  set  of  taps  as  in  Fig. 
306,  where  the  secondary  of  the  transformer  A  is  connected 
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across  the  tapping  points  a  and  ai,  the  secondary  of  tranfl- 
former  B  across  the  points  h  and  bi,  and  the  secondary  of 
transformer  C  across  the  points  c  and  Ci.  These  connections 
are  of  course  made  by  means  of  rings,  which  have  been  left 
out  of  Fig.  306  for  the  sake  of  clearness.  The  arrowheads 
in  the  transformers  denote  the  positive  direction  internally 


Fig.  306.  Diagram  showing  the  diametral  method  of  comiecting  a  six- 
phase  converter  to  a  three-phase  line.  Arrows  on  transformers  and 
transmission  lines  show  the  positive  direction  through  transformers 
and  between  wires  of  transmission  line.  Arrows  on  the  armature  con- 
ductors indicate  instantaneous  direction  of  induced  e.m.f.  in  the  wind- 
ings.   For  the  sake  of  clearness  the  collecting  rmgs  are  omitted. 

through  the  transformers,  while  the  arrows  on  the  armature 
windings  denote  the  direction  of  the  instantaneous  ejn,f. 
induced  in  the  windings  for  the  position  occupied  by  each 
inductor. 

With  the  armature  revolving  counter-clockwise,  note  that 
the  induced  e.m.f.  from  6  to  6i  reaches  a  maximum  120® 
ahead  of  the  induced  e.m.f.  from  a  to  a\.  This  can  be  seen 
clearly  from  Fig.  307,  in  which  the  arrows  represent  the  phase 
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relations  of  e.m.f.'s  between  these  points.  Note  that  a-ai 
must  move  through  120^  before  it  can  be  in  the  position  of 
^-6i,  which  in  turn  must  move  through  120°  before  it  can  be 
in  the  position  of  c-ci. 

Fig.  308  is  a  vector  representation  of  the  phase  relations  of 
induced  cm.f.'s  between  these  points.  These  figures  show 
that  the  induced  e.m.f.'s  between  the  diametral  points  6-6i, 
a-ai,  c-Ci  are  in  the  proper  three-phase  relation;  thus,  trans- 
formers of  the  proper  voltage,  frequency  and  phase  sequence 


Fig.  307.  Diagram  showing 
the  phase  relations  of  the 
induced  e.m.f.'s  between 
diametral  taps.  &-6iisl20^ 
ahead  of  a-ai  which  is  120^ 
ahead  c-Cu 


Fia.  308.  Vector  diagram  of  in- 
duced e.m.f.'s  between  diametral 
tapping  points  on  the  converters 
of  Fig.  306.  Vector  b-bi  is  120** 
ahead  of  vector  a-ai  which  is  120** 
ahead  of  c-cu 


may  be  placed  between  these  points,  and  the  machine  will 
then  operate  as  a  synchronous  motor  on  a  three-phase  line. 
We  merely  have  to  be  sure  that  the  sequence  of  the  posi- 
tive direction  through  the  secondaries  of  the  transformers 
is  the  same  as  that  of  the  induced  e.m.f .  in  the  armature,  as 
shown  in  Fig.  307  and  308.  Thus  the  vector  diagram  of  the 
voltage  relations  in  the  three-phase  line  of  Fig.  306  must  be 
that  of  Fig.  309  in  which  phase  B  leads  phase  A  by  120°, 
which  in  turn  leads  phase  C  by  120**.    Then  the  secondary 
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terminals  of  the  transformer  can  be  connected  diametrally 
to  the  armature  tape,  b-bi,  a-ai,  c-ci,  and  the  relation  of  the 
secondary  e.mi.'8  also  will  be  represented  by  Fig.  307  and 
308.  Care  must  be  taken  in  making  the  transformer  con- 
nections so  that  the  sequence  of  phases  in  the  line  corresponds 
to  the  sequence  of  e.m.f  .'s  between  the  several  pairs  of  points 

to  which  the  transformers  are  attached. 
In  other  words,  the  transformer  B  can 
be  connected  to  the  points  h-bi,  A  to 
the  points  a-ai,  a!hd  C  to  the  points 
c-Ci,  only  when  the  e.m.f.'s  across  the 
secondaries  of  transformers  B,  A  and  C 

c ^  have  the  same  value  and  sequence  as 

Fio.  309.    Vector  dia-  the  induced  e.m.f.'8  between  the  points 

gram   showing   the   5.5^^  ^-ai,  C-Ci. 

proper  phase  sequence        xt  x    xi.  j.  xi_'  xu   j     *  i.        •       xi^ 

of  Tthree-phase  line  Note  that  this  method  of  tappmg  the 
to  be  connected  diam-  armature  and  connecting  the  trans- 
etrally  to  converter  of  formers  divides  the  armature  mto  six 

^'  phases  and  that  six  rings  are  required. 

Such  a  converter  is  called  a  six-phase  or  a  six-ring  converter. 
Fig.  310  shows  the  proper  connections  of  the  transformer 
secondary  terminals  to  the  rings.  Note  that  the  taps  which 
are  adjacent  on  the  armature  are  brought  out  to  adjacent  rings. 
Each  transformer  must  therefore  be  bridged  across  four  rings; 
that  is,  when  a  terminal  of  a  transformer  is  brought  to  a  ring, 
the  other  terminal  skips  two  rings  and  is  brought  to  the 
fourth.  Each  transformer  is  connected  to  taps  which  are 
diametrally  opposite  to  each  other  just  as  in  a  single-phase 
converter.  We  have  seen  that  the  maximum  alternating 
voltage  of  the  converter  between  these  taps  is  exactly  equal 
to  the  direct  e.m.f.  delivered  by  the  direct-current  brushes. 
Thus  the  maximum  voltage  of  each  transformer  must  equal 
the  direct  voltage  of  the  converter.  The  eflFective  voltage  of 
each  transformer  must  therefore  be  0.707  of  the  voltage 
at  the  direct-current  brushes  at  no  load,  or  0,71  at  full 
load. 
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Fig.  310.  Connection  of  tapping  points  of  armature  to  rings  and  of 
transformere  to  rings  for  the  six-phase  diametral  method.  When  one 
terminal  of  a  transformer  secondary  has  been  brought  to  a  ring,  the 
other  terminal  skips  two  rings  and  is  connected  to  the  fourth. 

Example  6.  A  6-ring  converter  diametrally  connected  to  three 
singie-phaBe  transfonners  at  full  load  delivers  1000  kw.  at  600  volts 
direct  current.  The  converter  has  a  full-load  efl&ciency  of  93  per 
cent,  at  unity  power-factor.    The  line  voltage  is  11,000. 

(a)  What  must  be  the  full-load  secondary  voltage  of  each  trans- 
former? 

(b)  What  must  be  the  voltage  ratio  of  each  transformer  if  the 
primaries  are  delta-connected  to  the  line? 
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(c)   What  current  will  each  transformer  terminal  deliver  under 
these  conditions? 

Solution:  (a)  The  secondary  voltage  of  the  transformers  must 
equal  the  effective  value  of  the  diametral  induced  alternating  e.m.f . 

E  =  0.71  X  600 
=  426  volts. 

Q))  The  voltage  ratio  of  each  transformer  must  be 

11,000 

(c)  At  unity  power-factor,  each  transformer  must  deliver 

i  of  (y^)  kw.  =  358.4  kw. 

At  unity  power-factor  each  transformer  must  deliver 

358,400 


426 


=  840  amp. 


Prob.  17-9.  Draw  a  diagram  similar  to  Fig.  310,  except  that 
the  primaries  of  the  transformers  are  to  be  star-connected  to  the 
transmission  line. 

Prob.  18-9.  Solve  Example  5  with  the  primaries  of  the  trans- 
formers star-connected  to  the  transmission  line. 

Prob.  19-9.  Replace  the  6-ring  converter  of  Example  5  with  the 
3-ring  converter  and  solve  (a),  (6)  and  (c)  in  Example  5.  Connect 
the  secondaries  of  the  transformers  in  star  and  the  primaries  in  delta. 

Prob.  20-9.  It  is  desired  to  deliver  500  kw.  direct  current  at 
220  volts  from  the  brushes  of  a  6-ring  converter.  What  must  be  the 
kv-a.  capacity,  voltage  and  voltage-ratio  of  the  transformers  if 
they  are  to  be  diametrally  connected  to  the  converter  and  delta- 
connected  to  a  3-phase  2300-volt  line?  Power-factor,  95  per  cent, 
efficiency,  91  per  cent. 

Prob.  21-9.  Solve  Prob.  20  for  a  3-ring  converter  and  with  the 
transformers  star-connected  to  the  line  and  delta-connected  to  the 
converter. 

129.  Double-delta  Connectioii.  In  the  double-delta 
scheme  of  connection,  advantage  is  taken  of  the  common 
practice  of  constructing  the  secondary  winding  of  a  trans- 
former in  two  equal  coils.    Leads  are  brought  out  from  both 
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terminals  of  each  coil.  Consequently  one-half  of  the  second- 
ary e.m.f.  can  be  impressed  across  part  of  the  converter 
armature  and  the  other  half  across  another  part.  Since  the 
e.in.f.'s  of  both  coils  are  in  phase  with  each  other,  the  coils 
must  not  be  connected  across  parts  of  the  armature  in  which 
the  induced  e.m.f.'s  diflFer  in  value  or  in  phase.  Otherwise, 
even  though  the  armature  were  revolving  in  synchronism 
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Fig.  311.  Diagram  showing  the  double-delta  connection  of  the  two 
secondary  coils  of  transformer  C.  Coil  Ct  is  connected  to  the  taps  b 
and  a  in  the  direction  reversed  to  that  in  which  coil  Ci  is  connected 
to  the  taps  ai  and  &i. 


with  the  frequency  of  the  line,  one  coil  would  continually  be 
impressing  on  part  of  the  armature,  an  e.m.f.  which  was  out 
of  phase  with  the  induced  e.m.f.  of  that  part  of  the  armature. 
Consequently,  harmful  local  currents  would  flow  through  the 
transformer  coil  and  part  of  the  armature. 

Thus  in  Fig.  311,  coil  Ci,  which  is  one-half  of  the  secondary 
winding  of  transformer  C,  is  impressed  across  the  taps  a  and 
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b  of  the  converter  armature,  in  such  a  way  that  the  secondary 
e.m.f .  tends  to  send  a  current  from  &  to  a  through  the  arma- 
ture windings. 

Now  coil  C2,  the  e.m.f.  of  which  is  exactly  in  phase  with  the 
e.m.f.  of  coil  Ci,  must  be  connected  across  that  part  of  the 
armature  in  which  the  induced  e.m.f.  is  the  same  in  value 
and  in  phase  as  that  part  between  the  points  a  and  b.  But 
there  is  no  part  of  the  armature  in  which  the  induced  e.m.f. 
is  in  phase  and  has  the  same  value  as  the  e.m.f.  between  the 
points  b  and  o.  However,  the  e.m.f.  between  the  points  61 
and  ai  has  the  same  value  as  that  between  b  and  a,  but  differs 
in  phase  with  it  by  180*^,  because  when  the  induced  e.m.f. 
tends  to  send  a  current  from  a  to  b,  at  that  same  instant  it 
tends  to  send  one  from  61  to  ai,  which  is  in  the  reversed  direc- 
tion around  the  armature.  We  may  then  connect  the  coil  Cj 
in  the  reversed  direction  to  the  points  61  and  Oi,  so  that  while 
coil  Ci  tends  to  send  a  current  from  a  to  6,  coil  C2  will  tend 
to  send  a  current  from  fci  to  ai.  Thus  the  e.m.f.'s  of  thfe  two 
transformer  coils  tend  to  send  currents  in  opposite  directions 
around  the  armature.  They  are  opposed  in  this  tendency  by 
the  e.m.f.  induced  in  the  armature.  This  induced  ejn.f.  is 
at  every  instant  opposite  in  phase  to  the  impressed  e.m.f  .* 

Similarly,  coil  Bi  of  transformer  B  is  put  between  the  points 

cb,  and  coil  B2  is  put  in  the  reversed  direction  across  the 

points  61C1.    Coil  Ai  of  transformer  A  is  connected  between 

the  points  ac,  and  coil  A2,  in  the  reversed  direction  between 

the  points  ciai.    Thus  the  coils  Ai,  B\  and  Ci  are  connected 

to  the  armature  in  delta  with  the  phase  sequence  AiBid,  and 

the  coils  ^42-82^2  are'connected  to  the  armature  in  the  reversed 

direction  in  delta  so  that  the  phase  sequence  reads  CtB%A±. 

In  this  way  we  have  a  double-delta  connection  with  the 

*  If  coil  C2  were  not  joined  in  the  reversed  direction,  the  e.m.f .  of  coil 
Ci  and  Ca  would  combine  arithmetically  to  send  a  current  through  the 
parts  of  the  armature  aih  and  aih.  The  induced  e.m.f.  in  these  being 
at  90°  to  this  impressed  e.m.f .  would  offer  no  opposition  to  the  current 
flow  which  would  be  excessive  and  produce  little  or  no  torque.  Excess 
current  would  also  flow  in  &a  or  &iai. 
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positive  direction  of  the  phases  of  one  delta  reversed  with 
respect  to  the  other.  Fig.  312  shows  the  complete  connec- 
tions, minus  the  rings,  for  this  method  of  connecting  a  six-ring 
converter  to  a  three-phase  line.  Note  that  in  connecting 
the  coils  A%BiC%  in  delta,  it  was  necessary  to  make  the  con- 
nections such  that  the  positive  directions  produced  a  phase 
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Fia.  312.  Diagram  showing  the  double-delta  connection  of  three  trans- 
formere  to  a  six-ring  converter.  Note  that  the  phase  sequences  of  the 
two  deltas  are  reversed  with  respect  to  each  other.  Thus  the  phase 
sequence  of  one  delta  is  AiBiCi  and  of  the  other  is  dBiAi. 

sequence  of  AiB^%  in  the  transformers,  while  the  phase 
sequence  through  the  delta  connection  of  the  other  coils  was 
C\BiA\.  The  voltage  between  any  two  taps  in  the  same 
delta,  as  between  a  and  6,  h  and  c,  c  and  a,  ai  and  6i,  etc.,  is 
merely  the  voltage  between  the  taps  of  a  three-ring  converter 
(see  Art.  126,  page  594). 

At  full  load  the  voltage  between  the  taps  on  a  three-ring 
converter  is  0.62   of  the   voltage  between   direct-current 
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brushes.  Thus  the  voltage  between  taps  a  and  6,  that  is, 
the  voltage  across  the  coil  Ci,  is  0.62  of  the  voltage  between 
the  direct-current  brushes.  Similarly,  the  voltage  across 
each  of  the  secondary  coils  is  0.62  of  the  voltage  between 
the  direct-current  brushes. 

The  diametral  and  the  double-delta  are  the  two  standard 
connections  to  six-phase  converters.  The  "ring-connec- 
tion," which  is  sometimes  used,  is  described  in  Prob.  26-9. 
Of  the  two  standard  connections,  the  diametral  is  by  far  the 
more  common,  owing  to  its  simplicity,  certain  advantages 
which  it  possesses  in  starting  the  converter  on  the  alternating- 
current  side,  and  the  fact  that  the  central  points  of  the 
secondaries  are  all  at  the  san^e  neutral  potential.  This  last 
advantage  allows  these  points  to  be  joined  and  a  neutral 
wire  to  be  brought  out  to  form  a  three-wire  system  for  the 
direct-current  power.* 

Example  6.  A  six-ring  converter,  connected  double  delta  to 
three  single-phase  transformers,  at  full  load  delivers  1000  kw.  at 
600  volts.  The  converter  has  a  full-load  efficiency  of  93  per  cent 
while  operating  at  unity  power-factor.  The  line  voltage  is  11,000 
volts.     Compare  with  Example  5. 

(a)  What  is  the  full-load  secondary  voltage  of  each  transformer? 

(6)  The  primaries  are  delta-connected  to  the  line.  What  is  the 
voltage  ratio  of  each  transformer?" 

(c)  What  current  does  each  transformer  coil  deliver  under  these 
conditions? 

Solution,  (a)  The  voltage  across  a  single  coil  of  each  trans- 
former is  0.62  of  the  voltage  between  the  direct-current  brushes. 

Voltage  of  one  coil  of  transformer  =  0.62  X  600  =  372  volts. 

If  the  two  coils  of  each  secondary  were  joined  in  series,  the 
secondary  voltage  would  be  2  X  372  =  744  volts. 

(6)  The^voltagc  ratio  of  each  transformer  with  the  two  second 
aries  in  series  is, 

11,000 


744 


=  14.8. 


*  For  other  important  considerations  in  the  choice  of  oonnectiona 
see  ''American  Handbook  for  Electrical  Engineers/'  under  heading 
"  Transformer  Connections  for  Synchronous  Converter." 
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(c)  Input  at  unity  power-factor  and  93  per  cent  efficiency  equals 

1000 


0.93 


=  1075  kw. 


Each  coil  delivers 

i  of  1075  kw.  =  179.2  kw. 

Elach  coil  must  deliver 

179,200 


372 


=  482  amperes. 


\~ 


13,000  Tdlta- 


18,000  volu- 


1 


^ 13,000  Yolia «» 


B 


-^H5IBtm»W«»fl8^ 


■^ftWH(m<w<Bmi{ 


\mm^ 


Fig.  313.    Diagram  showing  the  method  of  making  the  ring  connection 
for  operating  a  six-phase  converter  on  a  three-phase  system. 

Prob.  22-9.  Construct  a  diagram  similar  to  Fig.  312,  except 
that  the  primaries  of  the  transformers  are  to  be  joined  in  star  to  the 
main  line. 

Prob.  2S-9.  Solve  Example  6  with  the  primaries  connected  in 
star  to  the  line  as  in  Prob.  22. 

Prob.  24-9.  What  will  be  the  voltage  across  the  direct-current 
brushes  of  a  six-ring  converter  double-delta  connected  to  the 
secondaries  of  three  transformers?  The  voltage  ratio  of  the  trans- 
formei^  is  30,  with  the  secondaries  in  series,  and  the  primaries  are 
connected  in  delta  to  a  three-phase  13,200-volt  line. 
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Prob.  25-9.  When  the  converter  of  Prob.  24  is  operating  at  0.95 
power-factor  and  90  per  cent  eflSciency,  it  delivers  1000  amperes. 
What  current  will  each  transformer  coil  deliver  mider  these  con- 
ditions? 

Prob.  26-0.  Fig.  313  shows  two  coils  of  a  transformer  arranged 
for  the  ring-connection,  which  is  a  scheme  sometimes  used.  Connect 
the  remaining  secondary  coils  to  the  converter. 

Prob.  27-9.  The  full-load  voltage  between  the  direct-current 
brushes  of  Prob.  26  is  660  volts,  when  the  converter  is  dehvering  1000 
amperes  and  running  at  unity  power-factor.  The  alternating-cur- 
rent line  voltage  =  13,000  volts.  The  transformer  primaries  are 
delta-connected .    Find : 

(a)  The  voltage  across  each  secondary  coil. 

(6)  The  voltage  ratio  of  the  transformers. 

(c)  Current  delivered  by  each  transformer  coil,  on  a  bads  of  92 
per  cent  efficiency  for  the  converter. 

130.  Motor  and  Generator  Actions  in  a  Converter.    At 

a  given  instant,  current  flows  from  an  alternating-current 
source  into  the  converter  armature  at  tap  a  and  out  at  tap  6, 
Fig.  314.  As  the  current  enters  at  a,  it  divides,  one  part 
flowing  through  the  upper  half  of  the  armature  winding  to 
tap  h  and  the  other  part  flowing  down  through  the  lower  half 
of  the  armature  winding  to  the  tap  h.  While  the  current 
which  flows  through  the  upper  half  of  the  armature  is  passing 
from  tap  a  to  brush  Bi,  it  is  flowing  in  the  same  direction 
as  the  induced  e.m.f .  of  that  part  of  the  circuit.  The  current 
from  tap  a  to  brush  B\,  therefore,  produces  a  generator 
action  and  opposes  rotation  of  the  armature.  But  as  some 
of  this  current  also  flows  on  from  Bi  to  tap  6,  it  goes  in  the 
direction  opposite  to  the  induced  c.m.f .  in  this  part  of  the 
armature  and  thus  has  a  motor  effect,  assisting  rotation  of 
the  armature.  Similarly,  that  part  of  the  current  which 
enters  the  lower  half  of  the  armature  is  in  the  opposite  direc- 
tion to  the  induced  e.m.f.  as  it  flows  from  the  tap  a  to  the  brush 
Bi  and  therefore  produces  a  motor  action.  But,  some  of  it  in 
flowing  on  from  the  brush  B^  to  the  tap  h  is  going  in  the  same 
direction  as  the  induced  c.m.f.  and  produces  a  generator 
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Fig.  314.  The  alternating  current  entering  at  a  divides,  part  flowing 
up  to  Bi  in  the  direction  of  the  induced  voltage  and  thus  producing  a 
generator  effect.  Some  of  this  part  of  the  current  flows  on  from  Bi  to 
point  h  against  the  induced  voltage,  thus  producing  motor  action. 
Similarly  the  other  part  of  the  current  entering  at  a  produces  both 
motor  and  generator  action. 


■Rotation 


this  in*t«at 


Fig.  315.  The  alternating  current  at  this  instant  enters  at  point  a  and 
flows  to  point  6  in  a  direction  ever3rwhere  opposing  the  induced  e.m.f . 
The  value  of  the  direct  current  flowing  through  the  armature  in  the 
direction  is  very  small  at  this  instant,  since  the  direct-current  brushes 
can  take  the  current  directly  from  the  rings.  Thus  the  motor  effect 
is  larger  than  the  generator  effect. 
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action.    There  is,  therefore,  both  motor  and  generator  action 
going  on  in  variolis  parts  of  the  armature  at  this  instant. 

At  a  later  instant,  as  shown  in  Fig.  315,  the  taps  a  and  b 
will  be  directly  under  the  brushes  Bi  and  B%  respectively. 
Then,  if  the  power-factor  is  unity,  the  alternating  current 
supplied  will  be  at  its  maximum  value,  and  throughout  the 
entire  length  of  both  branches  of  the  armature  circuit  it  must 
flow  in  the  opposite  direction  |io  the  induced  e.m.f.  Thus 
at  this  instant  the  total  effect  of  fhe  alternating  current  is  to 


Fig.  316.  At  this  instantThere  is  no  ahemating  current  being  delivered 
to  the  armature  windings  if  the  power-factor  is  unity.  The  generator 
action  must  greatly  exceed  the  motor  action  and  tend  to  lessen  the 
speed  of  rotation.  .   '     , 

drive  the' machine  as  a  motor,  and  the  armature  would  tend 
to  forge  ahead  because  the  motor  effect  exceeds  the  generator 
effect. 

At  a  quarter  of -a  period  later,  as  in  Fig.  316,  the  voltage 
between  taps  a  and  b  is  zero,  and  the  current  received  from 
the  alternating-current  line  (at  unity  power-factor)  is  ssero, 
and  thus  no  motor  or  generator  effect  is  supplied  from  the 
alternating-current  line.  At  this  instant,  if  the  converter 
is  suppl3ang  direct  current,  it  tends  to  slow  down,  on  account 
of  the  excess  of  generator  action  within  the  armature.    For 
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this  reason,  a  single-phase  e6nverter  is  very  unstable  and  tends 
to  hunt  somewhat  after  the  fashion  of  a  single-phase  syn- 
chronous motor  but  to  a  greater  degree.  Sjrnchronous  con- 
verters are  therefore  usually  polyphase,  in  order  to  receive 
and  deliver  a  steady  flow  of  power. 

Of  course  the  current  flowing  in  any  armature  coil  will  be 
neither  the  alternating  current  supplied  by  ihe  rings,  nor  the 
direct  current  supplied  to  the  brushes,  but  a  combination  of 
the  two.  Since  the 'amount  of  current  in  the  coils  deter- 
mines the  heating  of  the  armature,  and  this  in  turn  deter- 
mines the  kilovolt^mpere  rating  of  thp  converter,  it  is 
essential  that  we  investigate  the  heat  produced  in  certain 
typical  armature  coils. 

RELATIVE  CAPACIlT  OF  TWO-,  THREE-  AND 

SIX-RING  CONVERTER 

131.  Capacity  of  a  Two-ring  Converter.  It  is  customary 
to  compare  the  capacity  of  a  machine  used  as  a  converter  with 
the  capacity  which  it  would  have  if  used  as  a  direct-current  gen- 
erator under  the  same  conditions,  such  as  speed  and  voltage. 

The.'Q^pacity  of  most  electrical  machines  is  lii&ted  only 
by  the  temperature  to  which  the  various  parts  of  the  ma- 
chine may  be  allowed  to  rise  with  safety.  In  the  converter,' 
.  the  heating  effect  of  the  current  upon  certain  armature  coils 
limits  the  capacity.  Accordingly,  in  order  to  compare  the 
capacity  of  a  machine  as  a  converter  of  a  particular  type 
with  its  capacity  as  a  direct-current  generator,  it  is  only 
necessary  to  copapare  the  respective  loads  which  will  produce 
the  same  effective  currents  or  the  same  rate. of  heating  in  the 
hottest  armature  coils. 

We  will  consider  first  the  case  of  a  two-ring  converter  as 
.  illustrated  by  Fig.  315,  which  is  a  copy  of  Fig.  301.    Let  us 
assume  that  as  a  two-ring  converter,  it  is  capable  of  deliver- 
iog  1000,  amperes  direct  current  at  120  volts. 

The  voltage  between  the  alternating-current  rings  then 
will  be  0.707  X  120  W  84.8  volts.    In  order  to  simplify  the 


y 


622  ALTERNATING-CURRENT  ELECTRICITY 

computation,  we  will  assume  at  first  that  there  are  no 
losses. 

At  unity  power-factor,  the  alternating  current  received  by 
the  rings  would  be 

,  ^  1000  X  120 
84.8 
=  1414  amp. 

We  will  now  consider  the  current  flowing  under  these  con- 
ditions in  typical  coils  of  the  armature. 

CM  Midway  between  Taps,  Consider  first  the  current  in  a 
coil  which  is  midway  between  the  alternating-current  taps 
a  and  b.  This  would  be  such  a  coil  as  No.  6  of  Fig.  315, 
which  represents  this  converter  running  at  synchronous 
speed  and  delivering  1000  amperes  from  the  direct-current 
brush  Bi.  Of  this  1000  amperes  direct  current,  each  of  the 
two  paths  of  the  armature  contributes  one-half  or  500 
amperes.  Thus,  while  coil  No.  6  was  passing  the  5-poIe  it 
would  be  carrying  a  current  of  500  amperes  flowing  in  one 
direction,  and  while  it  was  passing  the  iNT-pole  it  would  be 
carrying  500  amperes  flowing  in  the  opposite  direction. 
Therefore  at  all  instants  except  at  those  two  when  the  coil 
No.  6  was  being  short-circuited  by  the  brushes  it  would  be 
carrying  500  amperes.  At  these  two  instants,  as  shown  in 
Fig.  316,  the  current  in  the  coil  drops  to  zero  and  is  started 
in  the  reversed  direction.  Fig.  317  represents  the  curr»it  in 
coil  No.  6  throughout  a  complete  cycle.  Note  that  at  the 
instants  the  coil  passes  under  the  brushes  Ei  and  fit  the  cur- 
rent drops  to  zero  and  reverses  its  direction.  At  all  other 
times  it  has  a  value  of  500  amperes. 

But  in  addition  to  this  500-ampere  current  which  is  de- 
livered to  the  direct-current  brushes,  there  is  also  the  current 
which  the  coil  receives  from  the  alternating-current  rings. 

We  have  seen  that  when  the  machine  is  running  at  qoi- 
chronous  speed,  the  impressed  alternating  voltage  is  greatest 
whenever  the  alternating-current  taps  are  under  the  brushes. 
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At  unity  power-factor  the  alternating  current  would  also  be 
greatest  at  this  instant,  since  the  current  would  be  in  phase 
with  the  pressure.  Thus  the  alternating  current  in  coil  No.  6 
would  be  greatest  at  the  instant  shown  in  Fig.  315.  Note, 
however,  that  this  alternating  current  which  is  driving  the 
machine  would  be  in  the  opposite  direction  to  the  induced 


Fig.  317.  The  direct  current  in  coil  No.  6  of  Fig.  315.  It  is  zero  as  the 
coil  passes  under  brush  £2,  and  then  becomes  500  amperes  and  remains 
500  amperes  until  the  coil  passes  under  hrush  Bi.  Here  the  current 
again  becomes  zero,  but  rises  to  500  amperes  in  the  opposite  direction 
as  soon  as  the  coil  leaves  the  brush.  It  maintains  this  current  until 
the  coil  again  comes  imder  brush  Bt,  where  the  current  again  becomes 
zero. 

e.m.f.  and  to  the  direct  current  which  the  coil  is  delivering. 
When  the  coil  has  passed  through  a  quarter  of  a  cycle,  as 
shown  in  Fig.  316,  the  alternating  voltage  and  current  be- 
tween the  tapping  points  a  and  b  has  become  zero.  The 
alternating  current  in  coil  No.  6  would  therefore  be  zero  at 
this  instant.  Notice  that  just  at  this  instant  coil  No.  6  is 
passing  beneath  brush  Bi,  As  the  armature  continued  to 
revolve,  the  alternating  current  in  coil  No.  6  would  rise  to  a 
maximum  in  the  opposite  direction,  and  gradually  decrease 
to  zero  again  as  the  coil  came  under  brush  B2.  Note  that  the 
alternating  current  in  coil  No.  6  is  zero  at  the  same  instant 
that  the  direct  current  is  zero,  and  that  at  all  other  times  the 
alternating  current  is  opposite  in  direction  to  the  direct 
current  in  the  coil. 

Fig.  318  shows  the  alternating  current  flowing  in  coil  No.  6 
throughout  one  cycle.  Assuming  no  losses  in  the  machine, 
we  have  seen  that  the  effective  value  of  the  alternating  cur- 
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rent  is  1414  amperes.    Since  this  flows  in  two  parallel  paths 
in  the  armature,  the  effective  current  in  each  path  and  there- 


fore in  coil  No.  6  equals 


1414 


=  707  amperes.     The  maxi- 


mum value  of  this  current  equals 


707 
0.707 


or  1000  amperes. 


Thus,  in  Fig.  318,  the  alternating  current  in  coil  No.  6  is  zero 


Fig.  318.  When  the  power-factor  is  unity,  the  alternating  current  of 
sine  wave-form  flowing  through  coil  No.  6  of  Fig.  315,  the  midcoil, 
is  zero  as  the  coil  passes  under  brush  Ba,  rises  to  a  maximum  of  1000 
amperes  as  the  coil  passes  the  center  of  the  S  pole,  and  then  decreases 
until  it  is  zero  again  as  the  coil  reaches  brush  Bi.  The  ciurent  now  re- 
verses and  grows  to  a  maximum  value  of  1000  amperes  in  the  opposite 
direction  as  the  coil  passes  the  center  of  the  iV-pole  and  decreases  to 
zero  when  the  coil  passes  under  brush  Ba  again. 

while  the  coil  is  under  brush  B2,  rises  to  1000  amperes  in  a 
direction  opposite  to  the  direct  current  as  the  coil  passes  the 
/S-pole  and  falls  to  zero  when  it  passes  under  brush  Bi.  Here 
the  current  reverses,  and  then  gradually  increases  in  the 
opposite  direction,  until  it  becomes  1000  amperes  as  the  coil 
passes  the  center  of  the  AT-pole,  dropping  to  zero  again  as  the 
coil  comes  under  brush  B2. 

The  resultant  of  this  alternating  current  and  the  direct 
current  must  be  the  current  flowing  in  the  coil  No.  6.     Fig. 
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319  shows  the  peculiar  shape  that  this  resultant  current  curve 
will  have.  It  is  merely  the  direct-current  curve  of  Fig.  317 
with  the  alternating-current  curve  of  Fig.  318  algebraically 


+600- 


—500- 


FiG.  319.  The  resultant  current  flowing  in  the  midcoil  of  a  two-ring 
converter  is  merely  the  sum  of  the  direct  current  of  Fig.  317  and  the 
alternating  current  of  Fig.  318. 

added  to  it.    The  value  of  the  resultant  current  at  any  in- 
stant can  be  found  from  the  equation  for  this  curve. 

H  =  Id  —  If 


sin  0, 


where    is 
h 

Im 


'  the  instantaneous  resultant  current. 
:  the  direct  current  =  500  amperes. 
=  the  maximum  value  of  the  alternating  current 
=  1000  amperes. 
0  =  time  angle  through  which  alternating  current 
has  passed,  counted  from  instant  when  coil 
passes  brush  B^. 
Then      te  =  500  -  1000  sin  0. 

The  heating  of  this  armature  coil  would,  of  course,  be 
proportional  to  the  average  of  the  squares  of  all  the  values  of 
this  resultant  current,  as  shown  by  the  curve  in  Fig.  320. 
This  average  value  of  the  squares  of  the  instantaneous  values 
of  the  resultant  current  may  be  found  by  means  of  a  plani- 
meter  if  the  curve  is  drawn  to  scale,  and  is  equal  to  113,000. 
The  heating  effect  of  the  direct  current  alone  would  be  pro- 
portional to  500*  =  250,000.    Thus  coil  No.  6  would  be 
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110   (\f\f\ 

heated  ntrrJann  ^^  0.452  as  rapidly  when  the  machine  is  used 

as  a  converter,  as  it  would  be  when  the  machine  is  used  as  a 
direct-current  generator,  deHvering  the  same  load. 


sso,ooo 


FiQ.  320.  The  square  of  the  curve  of  the  resultant  current  in  the  mid- 
coil.  The  heating  of  the  coil  will  be  proportional  to  the  average 
height  of  this  curve. 

132.  Heating  of  Coil  at  Tapping  Point.  If  we  examine 
the  current  conditions  in  a  coil  at  one  of  the  tapping  points 
as,  for  instance,  coil  No.  1  of  Fig.  315  and  316,  we  see  that  the 
alternating  current  supplied  to  it  is  greatest  (1000  amperes) 
just  as  this  coil  comes  under  the  brushes.  The  direct  current 
at  this  instant  is  just  changing  its  direction  and  is  therefore 
zero,  as  Fig.  315  shows.  A  quarter  of  a  revolution  later, 
when  coil  No.  1  has  reached  the  position  shown  in  Fig.  316, 
the  alternating  current  has  become  zero,  though  the  direct 
current  is  500  amperes. 

Thus  the  direct  and  alternating  currents  in  coil  No.  1  can 
he  said  to  be  90°  out  of  phase  and  can  be  represented  by  the 
dash-line  curves  of  Fig.  321.  Note  that  in  this  coil  the  alter- 
nating current  flows  against  the  direct  current  one-half  the 
time  and  flows  with  it  the  other  half.  This  produces  the 
peculiar  resultant  curve  shown  by  the  heavy  line  of  Fig.  321. 
Note  that  it  rises  at  instants  to  1500  amperes. 

If  we  square  the  instantaneous  values  of  the  current  on 
this  curve,  we  find  that  their  average  value  is  750,000.  The 
square  of  the  direct  current  in  this  coil  is  500^  or  250,000* 
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750  000 
This  coil  is  therefore  being  heated  ^-,^'^,,^  or  3  times  as  much 

^ou,uuu 

as  though  the  machine  were  merely  a  direct-current  generator 

of  the  same  capacity. 

Treating  coils  No.  2,  No.  3,  No.  4  and  No.  6  in  the  same 

way  and  averaging"  their  relative  heating  effects,  together 


-ft-ino 


•tiooo 


Fia.  321.  The  curve  of  resultant  current  in  coil  No.  1  at  the  tapping 
point  of  a  two-ring  converter  is  the  heavy  line  and  is  the  sum  of  the 
direct-current  curve  and  the  alternating-current  curve  shown  in  dash 
lines. 


-with  those  of  coils  No.  6  and  No.  1,  we  find  that  the  total  or 
average  heating  effect  of  a  machine  used  as  a  two-ring  con- 
verter is  approximately  1.38  times  as  much  as  when  used  as 
a  direct-current  generator  delivering  the  same  current  and 
voltage.  As  a  direct-current  generator,  it  can  thus  deliver 
Vl.38  or  1.17  times  the  current  it  can  deliver  as  a  two-ring 
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converter.*    Or  as  a  converter  it  can  deliver  only  j-pr  or 

0.85  as  much  current  it  could  be  permitted  to  deliver  if 
operated  as  an  engine-driven  direct-current  generator. 

That  is  to  say,  neglecting  all  losses,  a  two-ring  synchronous 
converter  has  0.85  as  great  power  capacity  as  it  would  have 
if  used  as  a  direct-current  generator  of  the  same  terminal 
voltage. 

133.  Capacity  of  a  Three-ring  Converter.  We  can 
investigate  the  three-ring  converter  in  a  similar  manner. 
Referring  to  Fig.  303,  we  see  that  coil  No.  6  is  the  midcoil 
between  taps  a  and  b.  The  appUed  alternating  e.m.f.  in  this 
phase  is  at  its  maximum  when  coil  No.  6  is  in  the  position 
of  Fig.  303,  and  since  it  furnishes  the  motor  current,  the 
impressed  e.m.f.  must  be  in  the  opposite  direction  to  the 
induced  e.m.f.  The  alternating  current  in  coil  No.  6  there- 
fore opposes  the  direct  current  and  reaches  its  maximum  90 
electrical  degrees  (in  this  case  90  space  degrees  also)  after  the 
coil  passes  under  the  brush  fij.  One-quarter  period  later, 
the  alternating  current  in  the  coil  will  become  zero,  but 
during  these  90  degrees  the  coil  will  have  passed  from  its 
position  in  Fig.  303  to  a  position  directly  above  brush  Bi  and 
thus  the  direct  current  will  also  become  zero  at  this  instant. 
The  alternating  current  and  the  direct  current  are  thus 
always  opposed  to  each  other.  Fig.  322  shows  these  two 
currents  by  the  dash-line  curves.  The  full-line  curve  repre- 
sents the  resultant  current  in  coil  No.  6  when  the  armature 
is  tapped  for  three  rings.  Note  that  it  has  the  same  shape 
as  the  resultant  current  in  the  same  coil  when  the  armature 
was  tapped  for  two  rings  as  shown  in  Fig.  319.  The  loops 
and  consequently  the  effective  value  are  much  smaller,  how- 
ever, due  to  the  smaller  current  taken  at  each  ring  for  the 
same  direct-current  output. 

♦  In  other  words,  the  average  effective  value  of  the  resultant  current 
in  all  the  coiLs  is  1.17  as  great  as  the  direct  current  which  the  converter 
is  delivering. 
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Fig.  322.  The  heavy  line  represents  the  resulting  current  in  the  mid- 
ooil  of  a  three-phase  converter.  This  current  is  made  up  of  curves 
of  the  direct  current  and  the  alternating  current  shown  as  dotted 
lines.  Compare  with  Fig.  319  which  shows  the  current  in  the  midcoil 
of  a  sin^e-phase  converter. 

The  output  and  the  input  (assuming  no  losses  and  unity 
power-factor)  each  equals 

120  X  1000  =  120,000  watts. 

Voltage  between  rings  A  and  B  or  taps  a  and  b 

=  120  X  0.612 
=  73.4  volts. 

Since  power  in  a  three-phase  circuit  =  1.73  EI  cos  6,  and 
cos  d  here  equals  1.0, 


120,000 
current  per  ring  =  j^^^^^^^ 


=  943  amperes. 

The  current  in  each  phase  of  the  delta-connected  armature 
of  fig.  303 

_943 
1.73 
=  545  amperes. 
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The  maximuin  value  of  the  alternating  current  in  coil  No.  6 
thus  _   545 

~  0.707 

=  770  amperes. 

This  is  the  value  used  for  the  alternating-current  curve  of 
Fig.  322.  The  direct  current,  of  course,  has  the  same  value 
of  500  amperes  as  in  the  previous  curves. 

To  find  the  heating  effect  of  the  resultant  current  in  coil 

No.  6  we  merely  have  to  square  the  curve  of  Fig.  322  and 

find  the  average  value  as  we  did  for  the  curve  of  squares  in 

Fig.  320.    This  average  value  amounts  to  56,000.    The 

square  of  the  direct  current  =  250,000.    Thus  coil  No.  6  in 

56  000 
this  case  develops  heat  only  ogn  nnn  ^^  0.224  as  fast  as  it 

would  if  the  machine  were  used  as  a  direct-current  generator 
for  the  same  output. 

134.  Heating  of  Coil  at  Tapping  Point.  Three-phase 
Converter.  In  the  same  way  we  can  investigate  coil  No.  2 
of  Fig.  303,  which  is  at  a  tapping  point.  The  alternating 
current  is  at  a  maximum  in  this  coil  as  it  is  situated  in  Fig. 
303.  Thus  the  maximum  occurs  30  electrical  degrees  after 
it  has  passed  under  brush  8%. 

The  curves  of  the  alternating  current  and  of  the  direct 
current  in  coil  No.  2  are  shown  by  dash  lines  in  Fig.  323, 
together  with  the  resultant  current  curve  in  full  line.  Note 
that  it  has  the  same  general  shape  of  the  resultant  current 
in  an  armature  coil  at  the  tapping  point  of  a  two-ring  con- 
verter, as  shown  in  Fig.  321,  except  that  its  corresponding 
values  are  smaller,  on  account  of  the  smaller  alternating 
current  in  the  coils  of  a  three-ring  converter. 

To  find  the  heating  effect  of  this  resultant  current  we 
square  the  instantaneous  values  of  this  current  and  average 
them  as  in  previous  cases. 

This  average  of  the  square  of  the  currents  =  301,000. 

This    coil   therefore    heats    osq'qqo  ^  ^^    ^-^    *"^^    ^ 
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fast   as  when   the  machine  is  used    as    a   direct-current 
generator. 

Treating  the  rest  of  the  coils  of  phase  ab,  Fig.  303,  in  the 
same  way,  and  averaging  the  relative  heating  effects  of  all 
the  coils  of  this  phase,  we  find  that  the  average  heating  effect 
of  a  machine  used  as  a  three-ring  converter  is  approximately 
0.57  of  what  it  would  be  if  used  as  a  direct-current  gener- 


FiG.  323.  The  current  curve  in  the  tap  coil  of  a  three-ring  three-phase 
converter.  Compare  with  the  current  in  the  tap  coil  of  a  two-ring 
converter  as  shown  in  Fig.  321. 


ator  delivering  the  same  current.  As  a  direct-current 
generator  it  can  thus  deliver  VO.57  or  0.756  of  the  current  it 
can  deUver  as  a  three-ring  converter,  since  the  heating  is 

proportional  to  the  square  of  the  current.* 

1 
Therefore,  as  a  three-ring  converter,  it  can  deliver  ^^,^  or 

1.32  times  the  current  it  can  deliver  as  a  direct-current 
generator. 

*  In  other  words,  the  effective  value  of  the  resultant  ciurent  in  the 
armature  is  0.756  of  the  direct  current  delivered  from  the  terminals. 
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136.  Capacity  of  a  Six-ring  Converter.  Using  the  same 
methods^  we  find  that  if  six  rings  are  used,  the  machine  can 
deUver  1.97  times  the  power  that  it  can  deliver  as  a  direct- 
current  generator. 

"^  .      .  1 97 

Thus  a  machine  fitted  up  as  a  six-ring  converter  has  —s^ 

0.8o 

or  2.32  times  the  capacity  that  it  would  have  as  a  two-ring 

1  97 
converter,  and  z-^  or  1.49  times  what  it  would  have  as  a 

three-ring  converter.  Accordingly,  if  the  converter  in  the 
example  which  we  have  been  using  for  our  investigation  can 
deliver  1000  amperes  at  120  volts  when  fitted  with  two  rings, 

it  could  deUver  ;r^  times  as  much  current,  or  1550  amperes 

when  fitted  with  three  rings,  and  2320  amperes  when  fitted 
with  six  rings,  —  as  far  as  the  heating  of  the  armature  coils 
is  concerned.  Of  course  a  much  larger  commutator  and 
more  brush  area  would  be  required  for  the  increased  cur- 
rent output.  Converters  of  500-kw.  capacity  or  over  are 
commonly  built  with  six  rings;  the  smaller  sizes,  with  three. 

The  efiFect  of  lower  power-factor  in  decreasing  the  capacity 
of  a  converter  can  be  determined  by  merely  repeating  the 
above  curves  and  computations  for  the  same  machine 
operated  at  any  power-factor  less  than  unity.  It  will  be 
seen  from  the  results  of  Prob.  28-9  that  when  the  power- 
factor  on  the  converter  of  Fig.  303  is  reduced  to  87  per  cent 
and  the  machine  is  compelled  to  deUver  the  same  direct- 
current  load  of  1000  amperes  at  120  volts,  it  greatly  increases 
the  effective  current.  A  very  slight  decrease  in  the  power- 
factor  will  cause  a  large  increase  in  the  current  and  PR  loss 
in  the  conductors  near  one  side  of  the  tapping  points,  and  a 
decrease  in  the  current  and  PR  loss  in  the  corresponding 
conductors  on  the  other  side  of  the  tapping  points. 

The  following  table,  taken  from  the  "American  Handbook 
for  Electrical  Engineers/'  summarizes  the  current,  voltage  and 
output  relations  between  the  various  converters  and  a  direct- 
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current  generator.*  The  last  two  lines  show  the  relative 
capacity  of  converters  with  different  numbers  of  rings  with 
the  same  total  or  average  armature  heating,  when  run  at 
unity  power-factor  and  at  87  per  cent  power-factor. 

TABLE  II 
Voltage,  Current  and  Output  Ratios 


Converten. 

Ti-C 

genera- 
tor. 

2-ring. 

100 

3-ring. 

4-ring. 

6-ring 
diam- 
etral. 

6-ring 
double 
delta. 

12-ring. 

D-C.  volts 

100 

100 

100 

100 

100 

100 

A-C.  volts  between 

lines 

■    ■    •    • 

71 

61.2 

71 

71 

61.2 

71 

A-C.  volts  between 

rings 

•    *    •   * 

71 

61.2 

50 

35 

35 

18 

D-C.  amperes 

100 

100 

100 

100 

100 

100 

100 

A-C.  amp.  in  line  . 

•    *    •    * 

141 

94 

71 

47 

47 

24 

A-C.  amp.  in  wind- 

•    *    ■    ■ 

71 

55 

50 

47 

47 

45 

me 

••'^ 

Relative  PR  loss. 

100 

137 

55 

37 

26 

26 

20 

Relativeoutputyfor 

same  heating,  uni- 
ty   power  -  factor 

100 

85 

134 

165 

197 

197 

224 

87%  power-factor. 

.... 

•   •  •  ■ 

99 

115 

129 

129 

135 

Prob.  28-9.  Assume  that  the  three-ring  conYerter  of  Fig.  303  is 
delivering  1000  amperes  at  120  volts,  but  that  it  is  running  at  87 
per  cent  power-factor.  Plot  current  curves*  for  the  middle  coil 
No.  6  similar  to.  those  in  Fig.  322,  and  the  curve  of  squares  similar 
to  Fig.  320.  Determine  the  average  heating  of  coil  No.  6.  Com- 
pare with  heating  of  coil  when  machine  is  used  as  a  direct-current 
generator  delivering  same  current. 

Prob.  29-^.  Repeat  Prob.  28,  for  the  tap  coils  No.  2  and  No.  10, 
Fig.  303. 


The  expression 


y/^Iff) 


is  the  ratio  of  the  capao- 


-0.62 


ity  of  a  machine  used  as  a  converter  at  unity  power-factor  to  the  capacity 
the  same  machine  used  as  a  direct-current  generator.  The  symbol  n 
stands  for  the  number  of  rings.  It  gives  values  slightly  below  those  in 
the  table. 
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Prob.  80-9.  Repeat  Prob.  28  for  coils  No.  4  and  No.  5,  and  No. 
3  and  No.  11,  Fig.  303. 

Prob.  81-9.  From  data  obtained  in  text  and  above  problems, 
compare  by  averaging  the  heating  effect  of  ail  coils  in  one  phase 
capacity  of  this  converter  when  running  at  87  per  cent  power- 
factor,  with  its  capacity  at  unity  power-factor.  Compare  with 
data  in  Table  II. 

136.  Rating  of  Converters.  Overload.  The  rating  of 
an  electrical  machine  is  the  output  marked  on  the  rating 
plate,  and  is  based  on  the  maximum  load  which  can  be  taken 
from  the  machine  without  exceeding  the  standard  tempera- 
ture rise  under  certain  standard  test  conditions.  Converters 
are  rated  on  the  same  basis  as  alternating-current  generators. 
See  A.I.E.E.  Standardization  Rules  as  revised  to  July,  1915. 

Converters  built  for  railway  substations  must  be  able  to 
stand  momentarily  a  large  overload.  Accordingly,  these 
converters,  generally  of  the  25-cycle  type,  are  rated  so  that 
they  can  deliver  twice  normal  load  for  one  minute,  and  one 
and  one-half  normal  load  for  two  hours  without  exceeding 
the  specified  standard  temperature  rise,  and  with  no  serious 
sparking  at  the  brushes. 

The  fact  that  the  alternating  current  and  the  direct  current 
oppose,  and,  to  a  large  extent,  neutralize  each  other  explains 
the  moderate  heating  at  these  overloads.  The  excellence  of 
commutation  is  explained  as  follows.  In  Art.  10  we  learned 
that  in  polyphase  alternators  the  shifting  of  the  magnetic  flux 
due  to  armature  reaction  was  steady  and  toward  the  trailing 
pole-tip.  A  converter  is  merely  an  alternator  used  as  a  syn- 
chronous motor,  the  direction  of  current  relative  to  induced 
e.m.f .  and  field  poles  being  opposite  to  the  direction  in  the  gen- 
erator. Thus  the  shift  of  the  magnetic  flux  due  to  the  alterna- 
ting current  would  be  steady  and  toward  leading  pole-tip.  The 
shift  due  to  the  direct  current,  which  the  machine  might  be 
delivering,  would  be  steady  and  toward  the  trailing  pole-tip. 
Since  the  alternating  current  is  always  practically  proportional 
to  the  direct  current,  each  tends  to  shift  the  flux  almost  an 
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equal  amount,  but  in  opposed  directions.  Thus  the  axis  of 
sparkless  commutation  would  be  practically  the  same  from  zero 
load  to  the  limiting  overload.*  Recent  improvements  have 
put  the  60-cycle  converter  on  a  par  with  the  25-cycle  in  the 
matter  of  ruggedness,  simplicity,  cost  of  operating  and  ability 
to  carry  overload. 

137.  Voltage  Variation  in  a  Converter.  Regulation. 
Owing  to  the  resistance  of  the  armature  and  brushes,  the 
full-load  voltage  of  a  converter  is  somewhat  less  than  the 
no-load  voltage.  But  just  as  the  heating  of  a  converter  is 
less  than  the  heating  of  a  direct-current  generator  delivering 
the  same  load,  so  the  regulation  is  also  less.  This  is  due  also 
to  the  opposing  voltage  drops  in  the  armature  and  the. 
opposing  armature  reactions  of  the  direct  and  the  alternating 
components  of  the  armature  current. 

For  example,  the  armature  resistance  of  a  certain  14-pole 

250-volt  300-kw.  60-cycIe  converter  was  found  to  be  0.00264 

ohm  when  measured  on  the  direct-current  side.    When  deliv- 

300  000 
ering  full-load  current  of       *r^     or  1200  amperes  the  drop 

due  to  armature  resistance  would  be  found  as  follows. 

We  have  seen  in  Art.  133  that  the  effective  values  of  the 
resultant  currents  carried  by  the  armature  coils  in  a  three- 
ring  converter  equals  0.75  of  the  direct  current  delivered  by 
the  converter. 

Effective  armature  current,  thus 

=  0.75  X  1200 
=  900  amperes. 

The  average  IR  drop  in  armature,  therefore, 

=  900  X  0.00264  (approximately) 
=  2.4  volts. 

*  Ab  seen  in  Art.  9,  there  is  a  double  frequency  variation  in  the 
armature  reaction  of  a  single-hhase  alternator.  This  causes  poorer 
coimnutation  in  single-phase  converters,  and  offers  another  reason  why 
single-phase  converters  are  seldom  used. 
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The  IR  drop  at  the  direct-current  brushes,  in  modern  con- 
verters, averages  about  2  volts  for  the  sets  of  both  polarity 
taken  together.* 

The  total  drop  at  full  load  thus  equals 

2  -h  2.4  =  4.4  volts. 

44 
Regulation  =  tt^  =1.8  per  cent. 

Zoi) 

This  is  a  fair  value  for  the  regulation  in  the  best  types  of 
separately  excited  converters. 

When  the  converter  is  used  on  a  transmission  system  with 
step-down  transformers,  the  drop  at  the  direct-current 
brushes  due  to  the  transformer  resistance  and  to  the  line 
resistance  between  the  transformers  and  the  converter  is 
usually  something  over  3  per  cent  of  the  full-load  voltage. 
Thus  the  usual  regulation  is  about  5  per  cent  on  standard 
substation  converters. 

138.  Voltage  Variation  in  Converters.  Pulsation.  The 
voltage  between  the  direct-current  brushes  of  a  converter 
is  never  quite  steady.  In  addition  to  the  regulation,  or  the 
variation  in  voltage  from  no  load  to  full  load,  there  is  also  a 
periodic  voltage  variation  which  takes  place  with  no  chang- 
ing of  the  load. 

In  Fig.  301,  it  is  seen  that  at  this  instant  the  current  goes 
directly  from  the  rings  to  the  brushes  without  going  through 
the  armature.  The  voltage  across  the  brushes  is  thus  the 
maximum  alternating  voltage  minus,  of  course,  the  drop  in 
the  brushes.  In  Fig.  302,  one-quarter  of  a  cycle  later,  the 
rings  are  delivering  no  current,  so  the  armature  windings  are 
carrying  a  direct  current  only,  which  flows  from  ft  to  Bi 
through  the  two  paths  in  the  armature.  The  brush  voltage 
has  therefore  become  the  induced  voltage  (equal  to  the  maxi- 
mum alternating  voltage)  minus  the  IR  drop  of  the  armature 
at  this  instant,  as  well  as  the  drop  in  the  brushes.  Thus  the 
voltage  at  the  direct-current  brushes  has  a  pulsation  back 
and  forth  twice  during  every  cycle  equal  to  the  IR  drop  in 

*  Barr  and  Archibald,  "Alternating  Current  Machinery,"  pagee 
441-461, 
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the  armature  when  the  full  direct  current  is  flowing  through 
it.  Due  to  the  armaturc  reaction  of  double  frequency  and 
the  alternate  motor  and  generator  effect,  this  pulsation  is 
quite  serious  in  a  single-phase  converter,  but  becomes  less  and 
less  as  more  rings  are  added,  being  practically  negligible  in  a 
six-ring  converter.  This  fact  is  brought  out  very  forcibly 
in  Fig.  324, 325  and  326,  which  show  actual  oscillograms  of  the 
voltage  at  the  direct-current  brushes  of  a  converter  when  oper- 
ated as  a  single-phase,  a  two-phase  and  a  three-phase  machine. 

139.  Voltage  Control  of  Converters.  It  has  been  stated 
that  the  alternating  characteristics  of  a  converter  are  those 
of  a  sj^chronous  motor.  It  will  be  remembered  that 
strengthening  the  field  current  of  a  synchronous  motor 
merely  causes  the  armature  to  take  a  leading  current.  We 
would  naturally  suppose  that  the  field  flux  would  be  increased 
by  a  larger  field  current,  but  the  leading  armature  current  so 
reacts  on  the  field  flux  that  it  remains  practically  the  same 
strength  as  before  the  field  current  was  increased.*  Similarly 
lessening  the  field  current  merely  causes  a  component  of  the 
armature  current  to  lag  and  the  resulting  armature  reaction 
hofds  the  field  flux  up  to  its  former  value.  As  the  movement 
of  the  rotor  is  always  in  synchronism  with  the  frequency  of 
the  line,  and  as  changing  the  field  current  does  not  change  the 
amount  of  the  flux,  it  is  evident  that  the  induced  e.m.f.  in 
the  armature  must  remain  practically  constant  throughout 
any  change  in  the  field  current.  Thus  the  voltage  of  a  con- 
verter cannot  be  controlled  by  any  field  control  of  machine. 

But  it  is  often  desirable,  especially  in  railway  work,  to 
raise  the  direct  voltage  at  a  converter  substation  when  the 
load  is  heavy,  in  order  to  keep  the  voltage  normal  at  the  far 
end  of  the  line. 

There  are,  in  common  practice,  five  ways  of  accomplish- 
ing this,  all  of  which,  except  one,  depend  upon  increasing  the 
voltage  at  the  alternating-current  rings.  Since  the  ratio  of 
the  direct  to  the  alternating  voltage  is  practically  constant, 
this  increase  of  the  alternating  voltage  raises  the  direct  voltage. 

*  See  Chapter  I  and  Chapter  VIII  on  Synchronous  Motors. 
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Fia.  324.  OscUlograma  of  siiigle-phaae  operation  of  a  synchronous 
converter,  4  polea,  60  cycles,  10  kw.,  110  voltH  (d-c.).  OtdUogranu 
/umwAerf  fcy  Mr.  C.  W.  Bates. 


Fia.  ^5.  Oscillograms  of  the  converter  of  Pig.  324  operated  as  a  two- 
phase  converter.  Note  that  the  direct  voltage  is  much  less  fluctuat- 
ing in  this  case.    OsdUcgramt  furnished  by  Mr.  C.  W.  Batet. 


Fig.  326.  Operation  of  the  converter  of  Fi«.  324  aa  a  three-phase  three- 
ring  converter.  Nole  that  the  direct  voltage  fluctuates  even  leas  than 
in  the  two-phase  operation.  OKtUograiM  fumi»hed  by  Mr.  C.  W.  Aolei. 
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First.  Extra  taps  on  the  transformers.  A  number  of  taps 
on  the  secondary  of  the  transformers  are  brought  out  to 
switches.  The  converter  runs  on  the  intermediate  taps  at 
the  smaller  loads,  but  as  the  load  increases  and  the  brush 
voltage  falls,  the  rings  are  switched  to  the  higher-voltage 
taps. 

Owing  to  the  large  currents  to  be  switched  there  is  great 
danger  of  fusing  the  contact  points.  For  this  reason,  the 
taps  are  sometimes  brought  out  of  the  primary  coils  of  the 
transformer,  although  switching  of  the  high-tension  currents 
then  requires  somewhat  expensive  and  complicated  apparatus. 

Second.  Induction  regulator.  To  avoid  the  switching 
difficulties  mentioned  above,  it  is  more  customary  to  use  an 
induction  regulator  to  control  the  alternating  voltage  at  the 
rings.  This  device  can  be  made  automatic,  as  explained  in 
Chapter  IV. 

Third.  Synchronous  booster.  A  small  alternating-cur- 
rent generator  is  sometimes  mounted  on  the  same  shaft  as 
the  converter  in  order  to  raise  the  alternating  voltage  at  the 
rings  of  the  converter.  The  small  generator  is  called  a 
synchronous  booster  and  may  be  either  of  the  revolving-field 
or  of  the  revolving-armature  type.  The  booster,  marked 
S.  G.  B.  in  Fig.  327,  is  of  the  revolving-field  type,  the  revolv- 
ing-armature type  usually  being  placed  inside  the  block  be- 
tween the  collector-rings  and  the  armature  windings  of  the 
converter  proper.  The  armature  of  the  booster  is  connected 
in  series  with  the  supply  line,  and  since  the  booster  and  the 
converter  have  the  same  number  of  poles  and  are  on  the 
same  shaft  their  frequencies  are  the  same,  and  they  are  always 
ill  synchronism  when  the  converter  is  running  normally. 
Thus  the  voltage  across  the  rings  is  the  sum  of  the  line  volt- 
age and  the  booster  voltage.* 

By  sending  the  direct  current  delivered  by  the  converter 

*  The  booster  may  be  designee!  so  that  the  polarity  of  the  field  coils 
may  be  reversed.  In  this  case  the  ring  voltage  may  be  either  the  sum 
or  the  difference  of  the  line  and  the  booster  voltages. 
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through  the  field  coils  of  the  booster,  the  ring  voltage  and  ac- 
cordingly the  direct  voltage  may  be  made  to  regulate  auto- 
matically. Although  this  method  employs  two  separate 
machines  it  produces  a  very  efficient  combination,  often  as 
high  as  95  or  96  per  cent.* 


Via.  327,  Synchronous  converter  with  synchronoua  booster.  The 
booster  is  the  small  machine  on  the  right  direct-coDDectcd  to  the  gen- 
erator. The  armature  of  the  booster  is  placed  in  series  with  the  line 
supplying  the  converter.     The  Chneral  Electric  Co. 

Fourth.  Regulatins  or  split  pole.f  The  general  construc- 
tion of  a  regulating-polc  converter  is  shown  in  Fig.  328a. 
Between  the  main  poles  M,  smaller  regulating  poles  R  are 
placed,  not  in  the  middle  of  the  space  but  slightly  nearer  tbo 
trailing  pole-tip.  These  regulating  poles  are  excited  inde- 
pendently of  the  main  poles,  and  may  even  be  of  opposite 
polarity  to  the  main  poles  nearest  to  them. 

•  Electric  Journal,  Feb..  1913. 

t  Adapted  from  General  Electric  Bulletin  No.  4723. 
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In  order  to  study  the  effect  of  these  regulating  poles,  con- 
sider the  action  of  the  main  pole  and  the  regulating  pole  on 
a  group  of  armature  conductors  between  the  direct-current 
brushes  a  and  b.  Let  us  assume  that  the  regulating  poles 
are  not  excited  and  that  the  direct  cmj.  produced  by  the 


Fig.  328a.  Diagram  of  a  converter  fitted  with  regulating  poles  R. 
Note  that  these  poles  are  placed  near  the  trailing  tip  of  the  main 
poles. 

conductors  cutting  the  flux  of  the  main  poles  is  250  volts. 
The  alternating  e.m.f .  for  a  diametral  connection  would  then 
be  0.71  X  250  or  178  volts.  Thus  when  the  e.m.f.  at  the 
direct-current  brushes  is  250  volts,  the  e.m.f.  between  any 
two  diametrally  connected  rings  would  be  178  volts. 

If  now  we  keep  the  main  pole  excitation  unchanged  and 
excite  the  regulating  poles  so  that  each  furnishes  20  per  cent 
as  much  flux  as  the  main  pole  nearest  it  and  in  the  same 
direction,  the  direct  voltage  will  become  120  per  cent  of  250 
or  300  volts,  since  the  conductors  between  each  set  of  brushes 
are  cutting  20  per  cent  more  flux  than  before.    Let  us  see 
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what  the  alternating  voltage  has  become  between  any  two 
diametral  taps.  Althou^  the  wave-form  of  e.mi.  generated 
by  the  flux  of  the  r^ulating  poles  is  composed  largely  of  the 
odd  harmonics,  for  all  practical  purposes,  it  may  be  treated 
as  a  sine  wave  of  the  same  frequency  as  that  set  up  by  the 
main  poles.  There  are  thus  practically  two  sine  waves  of 
e.m.f.  induced  in  each  group  of  armature  conductors  as  it 
passes  each  set  of  main  and  r^;ulating  poles.  The  resulting 
induced  e.m.f .  is  therefore  merely  the  sum  of  these  two  waves. 


Fig.  328b.  Topographic  vector  diagram  of  voltage  between  two  diam- 
etral taps  when  the  converter  is  supplied  with  regulating  poles  of 
20  per  cent  of  strength  of  main  poles.  The  resulting  voltage  OB, 
when  the  regulating  poles  is  excited  in  the  same  direction  as  the  main 
poles,  is  the  vector  sum  of  the  voltage  OA  due  to  the  main  poles,  and 
the  voltage  AB^  due  to  the  regulating  poles,  so  placed  that  the  volt- 
age due  to  them  lags  75^  behind  the  voltage  induced  by  the  main 
poles.  Vector  OC  represents  the  diametral  voltage  when  the  regulat- 
ing poles  are  reversed. 

But  note  that  the  e.m.f.  due  to  the  regulating  poles  reaches 
its  maximum  value  much  later  than  the  e.m.f.  due  to  the 
main  pole,  in  fact  there  is  usually  a  phase  difference  of  about 
75°  between  the  two.  (If  the  regulating  poles  were  exactly 
half  way  between  the  main  poles,  the  phase  difference  would 
be  90®,  but  the  regulating  pole  is  about  15®  nearer  the  earlier 
pole.)  We  may  thus  find  the  resultant  e.m.f.  between  any 
two  diametrally  connected  rings  by  means  of  a  vector  di£^ 
gram  as  in  Fig.  328b.  Vector  OA  represents  the  effective 
ejn.f.  of  178  volts  produced  by  the  flux  from  the  main  poles. 
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Vector  AB  lagging  75°  behind  OA  represents  the  effective 
e.m.f.  of  20  per  cent  of  178  or  35.6  volts  produced  by  the 
flux  from  the  regulating  poles  placed  75  time  degrees  later 
than  the  main  poles  and  excited  in  the  same  direction. 
Vector  OB  represents  the  resultant  effective  e.m.f.  of  190 
volts.  Thus  the  regulating  pole  has  increased  the  diametral 
alternating  e.m.f.  190  —  178  or  12  volts  only,  while  it  has 
raised  the  direct  voltage  300  —  250  or  50  volts. 

Similarly,  if  we  reverse  the  flux  in  the  regulating  poles 
keeping  it  still  equal  to  20  per  cent  of  the  flux  in  the  main 
poles,  the  resulting  e.m.f.  between  two  direct-current  brushes 
such  as  a  and  6,  Fig.  328a,  would  be  250  —  50  or  200  volts. 
The  efl^ective  value  of  the  alternating  e.m.f.  between  rings 
connected  to  diametral  taps  would  be  represented  by  the 
vector  OC  of  171  volts  in  Fig.  328b.  This  e.m.f.  is  merely 
the  resultant  of  the  vector  OA  representing  178  effective 
volts  of  the  main  field  and  the  vector  AC  representing  35.6 
effective  volts  of  the  regulating  field.  The  vector  AC  is 
drawn  at  180°  to  vector  AB  because  the  field  and  therefore 
the  induced  e.m.f.  has  been  reversed.  Thus  the  reversed 
regulating  pole  produces  a  change  of  178  —  171  or  7  volts 
in  the  alternating  voltage,  but  a  change  of  250  —  200  or  50 
volts  in  the  direct  voltage.  The  range  of  the  voltage  at  the 
direct-current  brushes  is  therefore  from  200  to  300  volts  if 
the  main  field  is  kept  constant  and  the  regulating  poles 
changed  20  per  cent  in  each  direction.  The  change  in  the 
alternating-current  rings  would  be  from  171  to  1^0  volts  at 
the  same  time,  or  about  18  per  cent  as  great  as  the  direct- 
current  change. 

But  the  effective  value  of  the  alternating  voltage  applied 
to  a  converter  is  practically  constant.  Accordingly,  the 
effective  value  of  the  induced  e.m.f.  must  be  made  constant. 
This  is  readily  accomplished  by  changing  the  excitation  of 
the  main  field  enough  to  counteract  the  slight  change  in  the 
alternating  e.m.f.  caused  by  the  regulating  pole.  Thus  in 
Fig.  328c,  the  vectors  OA,  AB  and  OB  are  merely  repro- 
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duced  from  Fig.  328b,  in  which  OA  is»thc  alkTiuiting  c.in.f. 
due  to  the  main  field,  AB  the  e.m.f.  due  to  regulating  pole 
20  per  cent  as  strong  as  the  main  poles  and  OB  the  resultant 
e.m.f .  of  190  volts  between  rings  diametrally  connected.  The 
direct  voltage  for  this  strength  of  main  poles  and  regulating 
poles  is  300  volts.     If  now  we  decrease  the  strength  of  the 


Fig.  328c.  Diagram  showing  that  the  voltage  OB,  OBi  and  OBt  be- 
tween diametral  taps  can  be  kept  constant  at  190  volts  by  increas- 
ing the  main-pole  voltage  to  OAi  and  OA2  as  the  regulating  poles 
are  weakened  to  A\Bi  or  even  reversed  to  AzBt.  Thus  the  vector  OB 
is  the  resultant  of  the  main-pole  voltage  OA  and  the  regulating-pole 
voltage  AB,  The  vector  0B\  equals  the  vector  0B\  and  is  the  result- 
ant of  main-pole  voltage  OAi  and  the  regulating-pole  voltage  Ai. 
OBt  is  the  resultant  of  OAi  and  A2B2.  The  change  in  the  regulatini;- 
polc  voltage,  however,  changes  the  direct  voltage  proportionately. 

regulating  poles  to  one-half  their  former  value,  so  that  the 
effective  e.m.f.  induced  by  them  is  only  17.8  volts  as  repre- 
sented by  the  vector  ^li^i,  and  at  the  same  time  increase  the 
strength  of  the  main  poles  from  OA  to  OAi,  the  resulting 
alternating  e.m.f.  will  have  the  value  represented  by  the 
vector  OBi  which  is  equal  to  the  vector  OB  in  length  because 
they  are  both  radii  of  the  same  arc  BB1B2  of  a  circle. 
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The  value  of  the  vector  OAi  representing  tlie  strength  of 
the  main  field  may  be  found  by  the  equation 


:2 


OAI  =  OBi  -  AiBi  +  OAi  X  AiBi  cos  105° 
Oil  I  =  188  volts. 

If  therefore  we  increase  the  main  field  so  that  the  effective 
alternating  e.m.f.  is  188  volts  instead  of  178  volts,  and  at  the 
same  time  decrease  the  regulating  poles  field  so  that  the  alter- 
nating e.m.f.  is  17.8  volts  instead  of  35.6  volts,  we  shall  main- 
tain the  same  effective  value  of  190  volts  for  the  induced 
alternating  e.m.f.  between  rings  diametrally  connected. 

This  change  in  the  main  and  the  regulating  fields  causes  the 

following  change  in  the  voltage  across  the  direct-current 

brushes,  which  was  300  volts  before  the  change,  —  250  volts 

due  to  main  field,  and  50  volts  due  to  regulating  field.     The 

regulating  field  volts  have  been  reduced  one-half  to  25  volts 

188 
and  the  main  field  volts  increased  to  T^rp:  of  250  or  265  volts. 

178 

The  total  direct  voltage  is  therefore  265  +  25  or  290  volts. 
There  is  thus  a  reduction  of  10  volts  across  the  direct-current 
brushes  with  no  change  in  voltage  across  the  alternating- 
current  rings.  Even  with  the  regulating  poles  reversed  the 
alternating  e.m.f.  may  be  kept  constant  by  increasing  the 
main  field,  as  is  seen  from  vector  OB2  which  is  the  resultant 
ring  e.m.f.  for  a  main-field  strength  of  0-42  and  a  reversed 
regulating-field  strength  of  A2B2. 

The  practical  limit  to  the  variation  of  the  voltage  between 
the  direct-current  brushes  is  about  20  per  cent  in  either 
<lirection  of  polarity  of  the  regulating  poles  or  40  per  cent 
total.  By  means  of  voltage  regulators,  the  currents  through 
the  main-field  coils  and  the  regulating-field  coils  may  be 
automatically  controlled,  thereby  making  the  regulation  of 
the  converter  automatic.  Fig.  328d  shows  the  appearance 
of  a  regulating-pole  converter. 

Fifth,  Compound-wound  converters  with  series  reactances. 
Where  a  converter  regulation  of  from  5  to  10  per  cent  is 
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desired,  the  fields  of  the  converter  are  often  coiiipounded,  by 
having  series  field  coils  which  carry  the  current  delivered 
by  the  direct-current  brushes.  Of  course  as  the  current 
varies  in  the  series  windings,  it  can  do  no  more  than 
vary  the  power-factor  of  the  alternating  current  supplied  to 


PiQ.  328d.    A  rpgitlatinK-pole  converter.    Note  that  each  of  the  rvgu- 
latiiiic  iH>lpa  18  nearer  one  main  pole  timn  the  other  maia  pole. 

the  brushes.  But  an  inductive  reactance,  X,  ia  phiced  in 
series  with  the  converter  across  the  secondary  of  the  trani^ 
former  as  shown  in  Fig.  329.  The  voltage  between  the  rings 
will,  therefore,  equal  the  voltage  of  the  transformer  minus 
(vectorially)  the  voltage  consumed  by  the  reactance.  The 
voltage  required  to  overcome  the  reactance  is  always  90° 
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ahead  of  the  current  through  it.  Thus,  by  causing  the 
current  to  lead  the  ring  voltage  sufficiently,  the  voltage 
across  the  reactance  will  so  combine  with  the  transformer 
voltage  as  to  cause  the  ring  voltage  to  be  higher  than  that 
which  the  transformer  gives.  This  is  very  analogous  to  the 
rise  in  voltage  at  the  end  of  a  long  line  possessing  consider- 
able reactance  when  a  leading  current  is  sent  over  it. 

The  strength  of  the  shunt  fields  is  generally  so  adjusted 
that  at  the  average  load  on  the  converter,  the  power-factor 
will  be  as  nearly  as  possible  unity,  because  the  load-capacity 


Fig.  320.  The  reactance  X  is  placed  in  series  with  the  converter  rings 
across  the  secondary  of  the  transformer.  The  voltage  Er  between 
the  rings  is  always  the  vector  difference  of  the  voltage  Et  across  the 
transformer  and  the  voltage  ^x  across  the  reactance  coil. 

and  the  efficiency  are  greatest  at  the  highest  power-factor. 
This  load  is  usually  about  three-quarters  of  the  rated  load  of 
the  converter.  At  less  load  than  this,  the  weakening  of  the 
series  fields  causes  a  lagging  current,  and  at  greater  loads,  the 
strengthening  of  the  series  field  causes  a  leading  current. 

The  rise  in  ring  voltage  as  the  strength  of  series  field  in- 
creases with  the  load  and  advances  the  phase  of  the  current 
is  seen  from  Fig.  330,  331  and  332. 

In  Pig.  330,  the  converter  is  delivering  one-half  rated  load, 
and  the  series  field  combined  with  the  shunt  field  is  so  weak 
that  the  alternating  current  7,  which  is  supplied  by  the 
transformer,  lags  a°  behind  transformer  voltage  £r«  To  find 
the  ring  voltage  Erj  draw  vector  Et  to  represent  the  trans- 


648 


ALTERNATING-CURRENT  ELECTRICITY 


former  voltage  and  vector  /  to  represent  the  transformer 
current  at  proper  angle  a"  behind  £7.  The  drop  across  the 
reactance  X  will  lead  the  current  /  by  90®.    Accordingly 


Fig.  330.  Vector  diagram  showing  current  and  voltage  conditions  for 
the  arrangement  of  Fig.  329  when  the  converter  carries  one-half  load. 
The  weak  field  causes  the  current  /  to  lag  a  °  behind  the  transformer 
voltage  Et'  The  ring  voltage  Eb  equals  Et  minus  (vectorially)  the 
voltage  Ex  across  the  reactance  coil.    Ex  must  lead  /  by  90**. 


Fig.  331.  Vector  diagram  when  the  converter  carries  three-quarters  of 
full  load.  The  current  /  has  increased  and  has  swung  nearer  into 
phase  with  Et  because  the  field  has  become  stronger.  Er  has  in- 
creased slightly  because  Ex  has  become  more  out  of  phase  with 
Et.  Er  and  /  are  in  phase  and  converter  is  operating  at  unity 
power-factor. 

draw  Ex{  =  IX)  at  90"^  to  /,  leading.  Connect  0  and  the  tail 
of  Ex  with  a  vector,  which  will  represent  Er  in  amount  and 
in  the  proper  phase  relations  to  Et  and  /,  because  the  ring 
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voltage  plus  (vectorially)  the  drop  across  the  reactance  equals 
the  transformer  voltage.  Note  that  at  one-half  load,  the 
current  /  lags  a  little,  ^°,  behind  the  ring  voltage  Ejt  and  that 
the  ring  voltage  E^  is  less  than  the  transformer  voltage  Ef, 

In  Fig.  331,  the  load  has  increased  to  three-quarters  full 
load,  the  current  still  lags  a  behind  the  transformer  voltage, 
although  by  a  smaller  amount,  but  is  in  phase  with  the  ring 
voltage  Efty  which  has  increased  slightly,  due  to  the  change 
in  direction  of  /. 

In  Fig.  332,  the  full-load  current  through  the  series  coils 
has  caused  the  current  /  to  lead  the  transformer  voltage  Et» 


Fig.  332.  Vector  diagram  of  conditions  when  the  converter  of  Fig. 
329  is  canying  full  load.  The  increased  current  /  now  leads  the  volt- 
age Et  because  the  field  has  become  much  stronger.  The  ring  voltage 
Er  has  now  become  greater  than  the  transformer  voltage  Exy  although 
it  still  equals  E^  Q  Ex- 

The  combination  of  the  drop  across  the  reactance  and  the 
transforme;*  voltage  now  causes  the  ring  voltage  Er  U>  he 
larger  than  the  line  voltage.  Note,  however,  that  the  drop 
across  the  reactance  Ex  still  leads  the  current  by  90°  and  that 
the  transformer  voltage  Et  minus  (vectorially)  this  reactance 
drop  still  equals  the  ring  voltage  Er, 

It  is  the  usual  practice  so  to  arrange  this  combination  that 
the  rise  in  the  ring  voltage,  as  the  load  increases,  causes  the 
direct  voltage  to  rise  just  the  amount  it  loses  on  account  of 
the  increase  in  armature  and  transformer  drop.  This  pro- 
duces practically  constant  direct  voltage  at  the  brushes  from 
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no  load  to  full  load.  It  is  not  good  practice  to  over-com- 
pound a  converter  on  account  of  the  loss  in  capacity  which 
would  be  caused  by  operating  at  less  than  unity  power- 
factor.  The  necessary  reactance  is  generally  obtained  by 
constructing  the  step-down  transformers  with  the  amount 
of  leakage  reactance  required  to  flat-compound  the  con- 
verter used. 

140.  Voltage  and  Power-factor  of  Compound-wound 
Converters  at  Various  Loads.*  For  modern  railway  eon- 
vci-ters,  the  following  approximate  method  of  computing  the 
terminal  voltage  on  the  direct-current  side  and  the  power- 
factor  at  various  loads  is  sufficiently  correct.  The  voltage 
of  a  transmission  line  usually  varies  from  time  to  time  through 
values  of  several  per  cent,  hence  there  is  no  practical  need 
of  a  more  accurate  determination  of  the  voltage  variation  at 
the  converter  under  various  load  conditions.  However,  it 
may  be  said  for  the  method  here  presented,  that  it  is  as 
precise  as  the  determination  of  the  resistance  and  the  re- 
actance of  a  converter  circuit. 

We  have  seen  that  an  ohmic  (or  IR)  drop  of  5  per  cent  at 
full  load  is  a  fair  value  for  a  modern  converter.  The  sjrn- 
chronous  reactance  drop  of  the  same  converter  will  also  be 
about  5  per  cent.  It  is  good  practice  to  design  the  trans- 
formers to  be  used  for  flat-compounding  with  such  a  con- 
verter with  about  10  per  cent  leakage  reactance.  This  makes 
a  total  reactance  drop  of  15  per  cent. 

The  ampere-turns  in  the  armature  at  full  load  usually  are 
approximately  equal  to  the  ampere-turns  in  the  shunt  field  at 
no  load  when  the  field  current  is  adjusted  to  give  normal 
voltage  at  no  load  and  unity  power-factor. 

The  series  field  at  full  load  has  generally  about  one-half 
as  many  ampere-turns  as  the  shunt  field  at  no  load. 

The  effective  power  loss  at  no  load,  unity  power-factor, 
normal  direct  voltage,  would  be  about  4.5  per  cent  of  the  fuU- 
load  effective  power,  and  it  would  increase  with  the  load, 
approximately  in  proportion  to  the  ohmic  drop. 

*  For  this  practical  method  the  authors  are  largely  indebted  to  an 
article  by  Mr.  Jens  Bache-VViig  in  the  Electric  Journal,  for  Nov.,  1910. 
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Example  7.  A  modern  compound  synchronous  converter  was 
designed  to  have  unity  power-factor  and  normal  voltage  at  the 
average  load,  which  would  probably  be  about  three-quarters  of  the 
rated  full  load,  when  a  reactance  was  used  in  series  with  it.  Com- 
pute the  power-factor  and  voltage  at: 

(a)  No  load. 

(b)  Half  load. 

(c)  FuUload. 

(d)  At  50  per  cent  overload. 

Data  sunmiaiy: 

BBToent 

Armature  ampere-turns  at  full  load 100 

Shunt  field  amp.-turns  at  no  load,  unity  power- 
factor 100 

Series  field  amp.-turns  at  full  load 50 

Reactance  drop,  total  at  full-load  current 15 

Resistance  drop,  total  at  full-load  current 5 

Effective  power  at  no  load 4  5 

(a)  At  No  Load.  With  the  converter  designed  to  have  unity 
power-factor  at  f  load,  the  shunt  field  rheostat  must  be  so  set  that 
the  simi  of  the  ampere-turns  in  the  shunt  field  and  the  series  field 
at  f  load  equals  100  per  cent,  or  the  value  which  it  was  found  the 
shunt  field  alone  must  have  in  order  to  produce  unity  power-factor 
at  no  load,  with  rated  voltage. 

At  three-quarters  load  the  series  field  would  have  the  value 

0.75  of  50  per  cent  =  37.5  per  cent. 
Thus  the  shunt  field  would  be  required  to  have  only 
100  per  cent  —  37.5  per  cent  =  62.5  per  cent. 

That  is,  at  J  load  we  would  set  the  shunt  field  rheostat  so  that  it 
produced  62.5  per  cent  of  the  zero-load  field.  The  series  coils  would 
then  produce  37.5  per  cent. 

At  no  load  the  fields  would  be  under-excited  and  a  lagging  current 
would  flow  in  the  armature.  The  reactive  component  of  this 
current  would  be  the  same  fraction  of  the  full-load  current  that  the 
excitation  is  below  that  required  for  unity  power-factor.  The 
fields  are  under-excited  100  -  62.5  or  37.5  per  cent.  Thus  a  lagging 
cuiTent  of  37j  per  cent  of  the  full-load  current  will  flow  in  the 
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armature.    The  current  component  in  phase  with  the  voltage  will 
be  too  small  at  no  load  to  be  considered.* 

Since  a  full-load  current  causes  5  per  cent  resistance  drop,  this 
37j  per  cent  current  would  cause  0.375  X  5  per  cent  or  1.88  per  cent 
drop. 

This  resistance  drop  will  be  in  phase  with  the  37^  per  cent  current. 
But  as  this  current  is  wholly  reactive,  this  resistance  drop  lags  90° 
behind  the  impressed  voltage.  So  small  a  value  at  right  angles  to 
the  voltage  does  not  appreciably  affect  the  ring  voltage  as  is  seen 
from  Fig.  333,  in  which  the  vector  Er  represents  the  ring  voltage 
(100  per  cent)  and  Ix  the  reactive  current  through  the  armature  at 
no  load.  IxR  then  represents  the  resistance  drop  due  to  this  re- 
active current.  Note  that  no  attempt  is  made  to  draw  the  vectors 
to  scale.  The  smaller  values  could  not  be  represented  if  drawn  to 
the  same  scale  as  the  larger.  For  the  sake  of  clearness,  the  result- 
ant armature  current  is  not  drawn.  In  each  case  it  is  merely'  the 
vector  smn  of  the  power  current  and  the  reactive  current. 

A  full-load  current  causes  a  15  per  cent  drop  due  to  reactance. 
Therefore  37|  per  cent  current  will  cause  37j  X  15  per  cent  or 
5.63  per  cent  drop  due  to  reactance.  This  reactance  drop  alwa^'s 
leads  the  current  by  90°,  thus  the  vector  /^X  represents  the  amount 
and  phase  relation  of  this  reactance  drop.  Note  that  it  is  in  phase 
with  the  ring  voltage  Er.  The  power  component  of  the  current 
would  be  4.5  per  cent,  and  the  IR  drop  in  phase  with  this  current 
would  be  0.045  X  5.0  per  cent  or  0.225  per  cent,  which  is  negligible. 
Of  course  the  reactance  drop,  0.045  X  15  per  cent  or  0.675  per  cent 
would  also  be  negUgible,  in  comparison  with  En  which  is  100  per  cent. 

*  Armature  ampere-turns  at  full  load  equal  shunt-field  ampere 
turns  at  no  load,  unity  power-factor.  The  component  of  armature  cur- 
rent which  lags  90^  behind  the  voltage  produces  a  purely  demagnetising 
effect  in  a  generator,  or  a  purely  magnetizing  effect  in  a  synchronous 
motor.  Now,  if  the  shunt  field  excitation  is  50  per  cent  below  the  value 
that  will  produce  100  per  cent  power-factor  at  zero  load,  we  have  seen 
that  the  machine  will  take  a  lagging  reactive  component  of  current,  and 
this  component  will  grow  in  (effective)  value  until  by  its  magnetizing 
action  it  has  restored  the  flux  to  its  former  value,  or  rather  until  it  hai 
made  the  counter  e.m.f.  again  just  about  equal  to  the  impressed  e.mi. 
As  the  shunt  field  ampere-turns  had  been  reduced  50  per  cent  (below 
unity  power-factor  value),  enough  lagging  reactive  armature  amperes 
must  flow  to  restore  this  50  per  cent  of  reduced  field  ampere-turns;  and 
as  full-load  armature  current  produces  armature  ampere-turns  equal  to 
field  ampere-turns,  it  will  require  lagging  reactive  armature  amperes 
equal  to  50  per  cent  of  rated  full-load  amperes,  in  order  to  restore  the 
equilibrium  or  make  the  counter  e.m.f.  equal  to  the  impressed  e.ai.f . 
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In  order  to  have  a  ring  voltage  of  100  per  cent  at  zero  load,  the 
secondary  transformer  voltage  must  be  100  +  5.63  +  0.23  or 
105.9  per  cent.  That  is,  when  there  is  no  load  on  the  transformer, 
its  secondary  voltage  would  be  105.9  per  cent  of  the  voltage  at  full 
load.  As  the  given  values  of  resistance  and  reactance  included  the 
artnature  of  the  converter,  the  terminal  voltage  between  d-c. 
brushes  at  no  load  will  also  be  100  per  cent  of  full-load  voltage. 


osn 


IjcX 


IkR 


Fig.  333.  Vector  diagram  at  no  load  for  current  and  voltage  con- 
ditions for  the  compound-wound  converter  of  Example  7.  Eb  ^ 
ring  voltage.  IiR  —  resistance  voltage  drop  due  to  power  compo- 
nent of  current.  IjR  =  resistance  voltage  chop  due  to  reactive  com- 
ponent Ix  of  current.  IpX  =  reactance  drop  due  to  power  component 
of  current.  IxX  =  reactance  drop  due  to  reactive  component  of 
current.  The  transformer  voltage  Et  (not  shown  in  diagram)  » 
IpX  @  IxX  0  IpR  ®  IxR  ®Eb^  105.9. 

Pinver-fador  at  No  Load.  Power-factor  equals  the  relation  be- 
tween effective  and  apparent  power,  or  between  power  component 
of  no-load  current  and  total  current  at  no  load. 

4  5 
Power-factor  at  no  load  =  =  =  12  per  cent. 

V37.5*  +  4.5^ 

We  have  seen  in  Chapter  I  that  any  power-factor  below  0.20  is 
practically  the  same  as  zero  power-factor  in  its  effect.  Fijg.  333  is, 
therefore,  practically  correct  in  that  the  current  lags  90^  behind  the 
voltage.  The  omission  of  the  power  current  from  the  diagram  does 
not  materially  change  the  amount  or  the  phase  relations  of  the 
armature  current. 

As  there  is  only  a  small  current  drawn  from  the  line  under  these 
conditions,  the  low  power-factor  does  not  appreciably  affect  the 
line  power-factor  or  voltage. 

(b)  Half  Load.  At  one-half  load  (meaning  half  of  rated  load 
d-c.  watts  output),  the  power  component  of  the  current  input  is  50 
per  cent,  and  the  IR  drop  due  to  it  will  be  0.50  X  5  per  cent  »  2.5 
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per  cent.  In  Fig.  334,  vector  IpR  represents  the  drop  in  phase  with 
the  power  component  of  the  current,  /p.  The  reactive  drop  due  to 
this  power  current  equals  0.50  X  15  per  cent  »  7.5  per  cent  and  is 
represented  by  the  vector  IpX  leading  the  current  Ip  by  90®. 

The  series-field  amperes  now  equal  0.50  X  50  per  cent  =  25 
per  cent. 

The  shunt-field  ampere- turns  are  constant,  therefore  the  total  field 
ampere-turns  =  62.5  +  25  =  87.5  per  cent. 


1.88 


ixx  ^  r;R 


£b 


Fig.  334.  Vector  diagram  for  half-load  conditions  of  converter  of 
Example  7.  Et  (constant  at  105.9)  »  IpX  ®  IxX  @  IrR  ®  Er. 
Er  =  101.2. 

The  converter  is  thus  100  —  87.5  or  12.5  per  cent  under-excited. 

Therefore  a  12.5  per  cent  lagging  reactive  current  flows  in  the 
armature  which  is  represented  by  the  vector  Ix  lagging  90°  behind 
Ip  m  Fig.  334. 

The  IR  drop  in  this  direction  would  be  0.125  X  5  per  cent  or 
0.625  per  cent,  too  small  to  affect  the  computation,  as  it  is  at  90^ 
to  Eft^ 

The  reactance  drop,  90°  ahead  of  the  reactive  current,  equals 
0.125  X  15  per  cent  =  1.875  per  cent  and  is  represented  by  die 
vector  /x^. 

Thus  the  transformer  voltage  Et  in  Fig.  334  is  practically  made 
up  of  the  ring  voltage  Er,  the  reactive  drop  due  to  the  power 
current  IpX,  the  reactive  drop  due  to  the  reactive  current  Ix^  and 
the  ohmic  drop  due  to  the  power  current  /p£.  But  Et  has  the  same 
value  as  at  no  load,  namely,  105.9  per  cent. 
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Therefore, 


or 


105.9* 

(4.38  +  Er) 

Er 


(IpX)^  +  (IxX  +  IpR  +  En)\ 
7.ffl  +  (4.38  +  Er)\ 

V105.9*  -  7.5», 
105.6  -  4.4 
101.2. 


Power-factor.  Assuming  that  the  watts  lost  increase  in  propor- 
tion to  the  ohmic  drop  due  to  the  power  current,  then  losses  will  be 
4.5  +  2.5  =  7  per  cent.  The  power  output  is  50  per  cent  of  full- 
load  output,  therefore 

*    *     /  N  (50+7) 

power-factor  (approx.)  =  — -^:___^--— — -- 

V(50  +  7)2  +  12.5* 
total  watts  input 

V(watt8  input)*  +  (reactive  volt  amp.)* 
^57.0 

58.4 
=  0.976. 


3.W       %R 


i 

FiQ.  336.    Three-quarters  load  conditions  of  converter  of  Example  7. 

Ei  -  101.5. 

Three-quarters  Load. 

At  three-quarters  load : 
The  IR  drop  in  phase  with  the  power  current  =  0.75  X  5 
per  cent  =  3.75  per  cent  and  is  represented  by  vector 
IpR  in  Fig.  335. 
The  reactance  drop  due  to  power  current  =  0.75  X  15  per 
cent  =  11.25  per  cent  and  is  represented  by  vector  IpX. 
There  is  no  reactive  current  component  because  at  this  load 
the  fields  are  adjusted  for  unity  power-factor. 
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From  Fig.  335: 

E^T=  11,25^  +  (3.75  +  Er)\ 
(3.75  +  Er) 

Er 


=  V105.9*  -  1L25«, 

=  105.2  -  3.75 
=  101.5  per  cent. 


(c)  Full  Load. 

AtfuUload: 
The  ohmic  drop  due  to  power  current  =  5  per  cent. 
The  reactive  drop  due  to  power  current  =  15  per  cent. 
The  series  field  =  50  per  cent. 
Total  field  =  62.5  +  50  =  112.5  per  cent. 
Over-excitation  =  12.5  per  cent. 


1.88 


>!  "^^^     > 


Er 


IvX 


Fig.  336.    Full-load  conditions  of  converter  of  Example  7.    Er  « 101.6. 


Leading  reactive  current  =  12.5  per  cent. 

Ohmic  drop  due  to  reactive  current  =  0.125  X  5  per  cent  = 

0.625  per  cent. 
Reactive  drop  due  to  reactive  current  =  0.125  X  15  per 

cent  =  1.87  per  cent. 
This  is  90''  ahead  of  the  reactive  current  and  is  represented 

by  the  vector  IxX  in  Fig.  336. 
The  ring  voltage  from  Fig.  336  can  be  found  by  the  following 

equation: 


105.9»  ={Er  +  5-  1.88)«  +  (15  +  0.63)«, 
{Er  +  3.12) 

Er 


=  VIO5.92  -  15.63*, 

=  104.7  -  3.12 
=  101.6  per  cent 
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^         .    ,     ,  ,  (100  +  4.5  +  5) 

Power-factor  (approx.)  =     ^ 

V(100  +  4.5  +  5)2  +  (12,5)« 

total  watts  input  as  per  cent  of  rated  watts  output 

total  volt-amperes  input  as  per  cent  of  rated  watts  output 

=  99.5  leading. 

(d)  Overload  of  50  per  cent. 
At  50  per  cent  overload : 
The  ohmic  drop  due  to  power  current  =  1.50  X  5  per  cent  *= 

7.5  per  cent  (=  IpR). 
The  reactive  drop  due  to  power  current  =  1.50  X  15  per 

cent  =  22.5  per  cent  (IpX,  Fig.  337). 
The  series  field  =  1.50  X  50  per  cent  =  75  per  cent. 
Total  field  =  62.5  +  75  =  137.5. 
Over-excitation  =  137.5  —  100  =  37.5  per  cent. 
Reactive  leading  current  =  37.5  per  cent. 
Ohmic  drop  due  to  reactive  current  =  0.375  X  5  per  cent  = 

1.875  per  cent  (=  IxR). 
Reactive  drop  due  to  reactive  current  =  0.375  X  15  per 

cent  =  5.625  per  cent  (=  /jfX). 
The  voltage  at  the  rings  is  found  from  the  equation  obtained 

from  Fig.  337. 

E^T  =  (Er  +  7.5  -  5.63)«  +  (22.5  +  1.88)«. 

(Eb  +  1.87)  =  Vl05.9«  -  24.382. 
Et  =  103.0  -  1.87 
-  101.1  per  cent. 

x>         .    ,     ,  X  (150  -f  4.5  -f  7.5) 

Power-factor  (approx.)  =     . 

V(150  + 4.5  + 7.5)2 +  37.5* 
=  97.5  per  cent  leading. 

The  relation  of  load  to  power-factor  and  voltage  at  the  direct-cur- 
rent brushes  of  this  synchronous  converter  is  readily  seen  from  the 
curves  in  Fig.  338.  The  direct-current  voltage  at  no  load  is  plotted 
as  600  volts,  the  usual  railway  substation  voltage.  By  plotting 
these  curves  for  various  combinations  of  reactances,  and  series-field 
strengths,  it  is  possible  to  ascertain  the  most  desirable  value  for  the 
reactance  and  the  series  field,  when  a  certain  load  is  specified  at 
which  unity  power-factor  must  be  obtained.  The  following  prob- 
lems show  the  results  of  varying  the  resistance,  reactance,  series- 
field  turns,  or  imity  power-factor  load  for  a  given  converter. 
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Prob.  88-9.  Plot  curves  as  in  Fig.  338,  for  the  machine  of 
Example  7,  with  the  specification  that  the  power-factor  shall  be 
unity  at  full  load  instead  of  at  f  load.  What  is  usually  the  dis- 
advantage of  this  specification? 

Pi'ob.  83-9.  Change  the  ampere-turns  in  the  series  field  of  the 
converter  of  Example  7  to  75  per  cent  and  plot  curves  as  in  Fig.  338. 

Prob.  84-9.  Show  the  eflfect  on  the  power-factor  and  voltage 
regulation  from  no  load  to  50  per  cent  overload,  if  the  total  react- 
ance had  been  25  per  cent  instead  of  the  15  per  cent  of  Example  7. 

1-31.6 


c  ^p^A 


I^x«5.e8 


Fig.  337. 


Conditions  in  converter  of  Example  7  at  an  overload  of 
50  per  cent.    Er  =  101.1. 


Prob.  85-9.  Let  the  ohmic  resistance  of  the  converter  in  Ebc- 
ample  7  be  10  per  cent  instead  of  5  per  cent  and  replot  the  curves 
of  Fig.  338. 

Prob.  86-9.  Point  out  the  various  sources  of  inaccuracy  in  this 
method  of  computing  the  power-factor  and  voltage  regulation  of  a 
converter,  and  explain  why  they  do  not  lead  to  considerable  errors. 

141.  Use   of  Commutating  Poles  on  Converters.    In 

Art.  132  it  is  stated  that  there  is  practically  no  armature 
reaction  in  a  synchronous  converter.  This  is  strictly  true 
at  low  commutator  speeds  and  moderate  current  output 
per  square  inch  of  brush  surface.    Recently,  however,  the 
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number  of  poles  has  been  cut  down  to  get  more  distance 
between  brush  holders.  This  has  correspondingly  increased 
the  necessary  commutator  speed.  Modem  machines  must 
also  stand  momentary  loads  equal  to  twice- the  normal  load. 


1.12       700 


%  %  1 

Load  on  Gonrertor 

Fig.  338.  Curves  showing  the  relation  between  load  and  power^actor 
on  the  converter  of  Example  7.  The  voltage  at  the  direct-current 
brushes  is  practically  constant. 

Under  these  severe  conditions,  an  armature  reaction  is  ap- 
parent and  the  field  is  shifted  slightly,  but  still  not  enough 
to  cause  poor  commutation  at  the  lower  speeds.  By  means 
of  commutating  poles  with  from  25  per  cent  to  40  per  cent 
as  many  ampere-turns  as  the  armature  has,  the  shift  of  the 
field  flux  has  been  neutralized  as  in  direct-current  dynamos 
and  the  sparking  practically  eliminated.  A  great  increase  in 
the  output  per  pound  weight  and  an  accompanying  decrease 
in  the  cost  per  kilowatt  output  have  resulted.  In  fact,  the 
limiting  factor  which  determines  the  capacity  of  a  machine 
is  now  the  amount  of  heat  which  the  armature  coils  can 
radiate  without  too  great  a  rise  in  temperature,  rather  than 
the  amount  of  current  which  the  brushes  can  take  from  the 
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commutator  without  sparking.    Commutating  poles  are  not 
used  in  regulating-pole  converters. 

142.  Hunting.  Damping  Grids.  S3rnchronous  conver- 
ters like  synchronous  motors  are  likely  to  hunt  when  any 
sudden  change  in  the  load  or  in  the  line  voltage  takes  place. 
In  fact,  owing  to  its  slight  armature  reaction,  a  converter  is 
much  more  sensitive  to  these  sudden  changes,  and  has  an 
even  greater  tendency  to  hunt  than  a  synchronous  motor. 
A  60-cycle  converter  is  more  sensitive  than  a  25-cycle,  the 
reason  being  that  for  the  same  speed  it  must  have  more  poles, 
and  hence  less  space  between  brushes.  Accordingly,  the 
same  mechanical  displacement  out  of  the  synchronous  posi- 
tion would  mean  greater  electrical  phase-displacement  in  a 
60-cycle  converter,  and  hence  greater  synchronizing  current. 

In  converters,  hunting  is  likely  to  cause  not  only  falling 
out  of  step,  but  also  destructive  sparking  at  the  direct- 
current  brushes,  even  "flashing  over"  from  brush  to  brush. 
The  flux  set  up  by  the  armature  rotates  with  respect  to  the 
armatiu'e  at  synchronous  speed,  in  the  opposite  direction  to 
the  rotor,  and  thus  stands  still  with  respect  to  the  field  poles. 
But  when  the  armature  swings  back  and  forth,  behind  and 
ahead  of  the  synchronous  position,  its  conductors  cut  the 
field  flux  correspondingly,  and  may  set  up  large  momentary 
circulatory  currents  in  those  conductors  which  are  short- 
circuited  by  the  brushes. 

Hunting  is  eflfectually  prevented  under  normal  conditions 
by  the  use  of  damping  grids  or  squirrel-cage  windings  of 
heavy  copper,  set  in  the  pole-faces  as  shown  in  Fig.  240  and 
297.  These  grids  form  closed  circuits  for  the  eddy  currents 
induced  by  oscillation  of  the  armature  flux,  which  offer  an 
opposing  torque  to  the  swinging  of  the  rotor.  However,  they 
lower  the  efficiency  of  the  converter  somewhat  more  than 
one  per  cent.  No  converter,  however,  should  be  expected 
to  operate  satisfactorily  on  a  line  having  much  over  10  per 
cent  line  drop,  unless  the  line  is  especially  free  from  periodic 
variations  in  voltage  and  frequency  such  as  are  often  caused 
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by  the  pulsation  of  the  prime  movers.  A  large  line  drop 
means  great  line  resistance,  and  great  line  resistance  means 
£t  limiting  of  the  synchronizing  current,  and  thus  a  limiting 
of  the  force  which  tends  to  keep  the  rotor  in  synchronism. 

Damping  grids  are  never  made  to  enclose  any  part  of  the 
cpmrnutating  poles,  as  they  would  tend  to  choke  any  sudden 
increase  or  decrease  of  the  flux  in  these  poles.  This  would 
cause  the  commutating  action  of  the  poles  to  lag,  and  spark- 
ing would  occrn-  until  the  commutating  flux  could  change 
properly. 

143.  Starting  Synchronous  Converters.  There  are  three 
common  methods  of  starting  synchronous  converters. 

(a)  By  Means  of  a  Small  Induction  Motor  mounted  on  the 
same  shaft.  This  induction  motor  has  one  fewer  pair  of 
poles  than  the  converter,  and  consequently  is  able  to  raise 
the  speed  above  the  synchronous  speed  of  converter.  This 
enables  the  converter  to  be  synchronized  readily. 

(6)  As  a  Direct-current  Motor.  The  converter  is  brought 
up  to  speed  as  a  direct-current  motor  and  synchronized  by 
controlling  the  strength  of  the  shunt-field  current.  It  would 
require  but  a  comparatively  low  direct  voltage  to  start  the 
motor  and  bring  it  up  to  synchronous  speed,  but  the  direct 
voltage  must  also  be  high  enough  to  force  sufficient  current 
through  the  field  coils  to  produce  unity  power-factor,  as  soon 
as  the  converter  is  thrown  on  the  alternating-current  line. 
Otherwise  large  reactive  currents  will  flow  in  the  armature, 
(c)  By  the  Induction-motor  Effect  on  the  Converter  Itself. 
This  is  the  most  common  and  cheapest  method  of  starting. 
Half-voltage  taps  are  generally  brought  out  from  the  second- 
ary of  the  transformer.  When  the  double-throw  switch  is 
thrown  to  the  starting  position  it  merely  connects  these 
half-voltage  taps  to  the  rings.  This  supplies  enough  current 
to  start*  the  armature,  but  not  enough  pressure  to  produce 
excessive  currents  in  it.  If  the  pole-faces  were  not  laminated 
strong  enough  eddy  currents  would  be  induced  in  the  iron  of 
*  See  Chap.  VII,  Introduction,  Art.  94  and  95. 
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the  poles  by  this  armature  current  to  start  the  rotor.  But 
although  the  pole-faces  are  laminated,  and  the  eddy  currents 
are  very  small,  still  the  damping  grids  which  are  built  into 
the  pole-faces  to  prevent  hunting  serve  as  circuits  for  the 
induced  eddy  currents  which  produce  sufficient  torque  to 
bring  the  rotor  practically  up  to  synchronous  speed. 

The  procedure  in  starting  a  converter  by  the  induction- 
motor  action  is  as  follows: 

(1)  Open  the  *' field-break-up''  switch  marked  F.B.S.  in 
Fig.  328.  Attach  the  voltmeter  to  indicate  the  voltage  of 
the  direct-current  brushes. 

(2)  Close  the  double-throw  line-switch  to  the  starting 
position  and  the  armature  begins  to  rotate.  With  the  "  field- 
break-up  *'  switch  open,  the  direct-current  voltmeter  indicates 
the  voltage  set  up  by  the  armature  conductors  cutting  the 
flux  induced  in  the  field  by  the  reactive  currents  drawn  from 
the  line  by  the  armature.  The  voltmeter  needle  will  at  first 
swing  back  and  forth  until  the  machine  is  running  nearly  in 
synchronism.  In  about  one-half  minute  the  steady  indica- 
tion of  the  direct-current  voltmeter  in  one  direction  will  show 
that  the  converter  is  running  at  synchronous  speed. 

(3)  If  the  converter  is  self-exciting  the  direct-current 
voltmeter  may  now  indicate  that  the  polarity  of  the  brushes 
is  the  reverse  of  what  is  desired.  In  that  case,  close  the 
"field-break-up"  switch  in  the  reverse  direction  (which  is 
usually  downward).  This  connects  the  shunt  field  directly 
across  the  armature  in  the  "reverse"  direction, — that  is,  so 
that  the  flux  due  to  the  shunt  coils  opposes  and  tends  to 
neutralize  the  flux  set  up  by  the  armature  current.  Since 
the  armature  is  now  rotating  in  synchronism,  the  flux  pro- 
duced by  the  armature  current  will  be  stationary  and  tend  to 
keep  the  poles  energized.  If  the  shunt-field  current  is  strong 
enough  to  overcome  this  flux  set  up  in  the  poles  by  the  arma- 
ture currents,  the  induced  e.m.f .  becomes  zero,  and  the  volt- 
meter needle  will  indicate  this.  The  armature  flux  being 
thus  pushed  out  of  the  poles  into  the  spaces  between  the  poles 
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immediately  seeks  the  next  poles,  which  of  course  have  the 
opposite  polarity.  Thus  the  poles  produced  by  the  armature 
flux,  which  it  must  be  remembered  are  stationary  in  space 
when  the  armature  is  rotating  at  synchronous  speed,  have 
been  forced  to  leave  one  pole  and  enter  the  next.  The  arma^ 
ture  synchronous  position  has,  therefore,  been  changed  by 
the  amount  of  one  pole.  It  is  customary  to  say  that  the 
armature  has  "slipped  a  pole." 

The  voltmeter  will  now  begin  to  indicate  in  the  reverse 
direction,  because  all  the  poles  have  reversed.  If  the  field 
current  is  allowed  to  flow,  it  will  flow  in  the  direction  oppo- 
site to  that  in  which  it  has  been  flowing  (because  the  voltage 
is  reversed)  and  will  tend  to  neutralize  the  new  polarity  of  the 
poles  just  as  the  first  field  current  neutralized  the  old  polar- 
ity. Thus  the  same  process  of  "  shpping  a  pole  "  would  occur 
again.  Therefore,  at  the  instant  the  voltmeter  begins  to 
show  a  reversed  polarity,  the  field  switch  must  be  thrown  up 
into  the  running  position. 

(4)  It  may  happen,  however,  that  when  the  field  switch  is  thrown 
down  to  make  the  armature  slip  a  pole,  the  flux  caused  by  the  arma- 
ture current  is  too  strong  and  the  reversed  field  current  cannot 
overcome  it.  The  armature  will  continue  to  rotate,  but  in  a  very 
unstable  condition,  without  slipping  a  pole. 

In  this  case,  throw  the  field  switch  back  to  normal  position,  open 
the  startiag  switch  an  instant,  and  let  the  armature  fall  slightly 
below  synchronous  speed.  Then,  close  the  starting  switch  to 
starting  position  again  and  wait  for  the  machine  to  come  up  to 
sjoichronism  again.  If  the  polarity  is  still  wrong,  repeat  opening 
and  closing  of  starting  switch  until  the  polarity  becomes  correct  and 
machine  is  running  in  synchronism. 

Then  throw  the  starting  switch  to  running  position,  adjust  the 
shunt  field  rheostat  so  that  the  direct  voltage  and  the  power-factor 
are  normal. 

If  the  converter  is  separately  excited  from  direct-current  bus- 
bars, the  polarity  cannot  become  reversed,  so  the  field-break-up 
switch  need  not  be  of  the  double-throw  type. 

144.  Field-break-up  Switch.  The  field-break-up  switch 
mentioned  in  the  previous  article  is  used  to  open  the  field 


664  ALTEMATmChCVMENT  ELECTRICITY 

windings  at  several  points,  usually  four  or  five.  During  the 
starting  of  a  converter,  until  the  armature  gets  up  to  syn- 
chronous speed,  the  revolving  magnetic  flux  set  up  by  the 
alternating  current  in  the  armature  windings  is  cutting  the 
field  windings  at  such  a  rate  as  to  induce  high  e.m.f.'s  in 
the  separate  field  coils.  In  fact,  the  field  coils  are  acting  like 
the  secondary  windings  in  a  transformer  during  this  time.  As 
these  field  coils  have  a  large  number  of  turns  and  are  normally 
in  series  with  one  another,  the  induced  e.m.f.*s  add  up  and 
produce  a  voltage  across  the  field  terminals,  sometimes  as 
high  as  from  six  to  seven  thousand  volts.  To  prevent  the 
production  of  this  high  voltage,  which  is  likely  to  puncture 
the  insulation,  the  field  coils  are  disconnected  from  one 
another  by  the  field-break-up  switch.  The  result  is  that  as 
the  switch  opens  the  field  at  five  points  there  are  not  much 
more  than  a  thousand  volts  across  the  insulation  at  any  place. 

Prob.  87-9.  Make  a  sketch  of  the  complete  electrical  conneo- 
tions  necessary  for  a  self-excited  shunt-wound  three-phase  cott- 
verter  to  start  on  the  alternating-current  side  from  half  voltage 
taps  on  the  transformers.  Show  alternating-current  bus-bans,  oil 
switches,  transformers  and  connections,  shunt  field,  field  rheostat, 
break-up  and  reversing  switch,  direct-current  voltmeter  and  direct- 
current  bus-bars. 

145.  Brush-raising  Device.  In  addition  to  a  field- 
break-up  switch,  a  commutating-pole  converter  is  usually 
suppUed  with  a  brush-raising  device.  While  the  armature 
is  running  below  synchronism,  the  rotating  field  set  up  by 
the  alternating  current  in  the  armature  windings  not  only 
cuts  the  field  coils,  but  also  the  armature  coils  and  induces  a 
voltage  in  them.  The  commutating  poles  are  always  im- 
mediately over  the  armature  conductors  which  are  short- 
circuited  by  the  brushes.  Thus  a  magnetic  path  of  low 
reluctance  is  offered  to  the  flux  set  up  about  these  short- 
circuited  conductors.  The  cutting  of  this  strong  flux  in- 
duces voltage  enough  to  set  up  short-circuit  currents  which 
burn  the  brushes  and  roughen  the  conmiutator. 
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The  brush-raising  device  marked  H  in  Fig.  339  and  340  is 
operated  by  the  lever  L  and  is  used  to  hft  all  the  brushes,  ex- 
cept two  small  pilot  brushes,  during  the  process  of  starting  the 
converter.    The  two  small  brushes,  one  positive  and  one  nega- 


Pio.  339.  BruBh-raiaing  device.  By  throwing  over  the  lever  L,  the 
brushes  are  raieed  from  the  commutator  during  the  proceas  of  atart- 
ing.    The  Generai  EUctric  Co. 

tive,  are  to  indicate  polarity  and  to  supply  current  to  excite 
the  field.  These  brushes  arc  so  narrow  that  they  short-circuit 
fewer  conductors  and  the  sparking  at  them  is  very  slight. 

The  alternating  current  required  for  starting  a  commutat- 
ing-pole  converter  with  the  brushes  raised  is  leas  than  that 
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required  to  start  converters  not  using  the  commutating  poles 
with  the  brushes  down,  and  all  sparking  is  eliminated. 

146.  Equalizer  CoanectJons.  All  converter  armature 
windings  which  at  any  instant  occupy  the  corresponding 
position  under  poles  of  like  polarity  are  joined  t(^ther  by 
heavy  copper  straps  called  equalizers.  Thus  if  the  machine 
were  a  12-pole  converter  all  six  conductors  which  at  a  certain 


FiQ.  340.  The  arrows  marked  E  indicate  the  equalizer  connections. 
The  device  marked  S.  L.  S.  ia  the  "Speed  Limiting  Switch."  Tlu 
General  BUctrie  Co. 

instant  lay  each  exactly  under  the  middle  of  a  north  pole 
would  be  joined  together  by  an  equalizer.  This  brings  all 
these  conductors  and  their  respective  commutator  segments 
to  exactly  the  same  potential.  Correspondingly  situate 
conductors  may  vary  somewhat  in  the  voltage  which  is 
induced  in  them,  due  to  unequal  air  gaps  or  unequal  pole 
strengths.  Unequal  resistances  of  conductors  and  connec- 
tions might  cause  unequal  voltage  drops  in  the  conductors. 
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Thus  the  voltage  across  all  pairs  of  brushes  would  not  be 
exactly  the  same,  and  since  all  the  positive  brushes  and  al] 
the  negative  brushes  are  in  parallel,  heavy  equalizing  cur- 
rents would  circulate  between  brushes  of  the  same  polarity 
in  order  to  bring  all  correspondingly  placed  conductors  to 
the  same  potential.  The  equalizing  connections  perform 
this  duty  and  prevent  the  local  currents  from  flowing  through 
the  brushes  and  producing  sparking. 

Fig.  340  shows  these  equalizing  connections  at  E.  The 
copper  strips  running  back  radially  are  the  connections  to 
the  rings.  The  equalizer  connections  are  the  conductors 
banded  tc^ether  and  secured  by  a  V-fihaped  clamp  over  the 
edge  of  the  armature  core. 


Fig.  341.    Electromagnetic  end-play  device.     The  General  EUctrie  Co. 

147.  End-play  Device.  In  order  that  the  brushes  do  not 
wear  grooves  in  the  commutator  and  collector-rings,  the 
armature  is  made  to  play  back  and  forth  along  the  line  of  its 
shaft.  On  lai^e  converters  an  electromagnet  pulls  on  the 
end  of  the  shaft  and  draws  the  armature  slightly  out  of  its 
field.    This  motion  breaks  the  current  in  the  electromagnet 
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automatically,  and  the  field  pulls  the  armature  back.  This 
makes  the  contact  again,  which  sets  up  another  current  in  the 
electromagnet.  The  electromagnet  and  contact  maker  is 
called  an  end  play  device  and  is  usually  mounted  at  one  end  of 
the  shaft,  as  shown  in  Fig.  341.  It  causes  the  armature  to 
play  smoothly  back  and  forth  in  the  natural  period  of  oscilla- 
tion of  the  armature,  so  that  the  brushes  wear  evenly  on  the 
entire  surface  of  the  commutator  and  collecting-rings. 

Another  device,  entirely  mechanical,  consists  of  a  ball  and 
ball-race  pressed  against  the  end  of  the  shaft  by  a  spring. 
The  plane  of  the  race  is  not  quite  perpendicular  to  the  shaft. 
Thus  when  the  rotating  shaft  carries  the  ball  around  to  the 
position  where  the  distance  between  the  shaft  and  race  is  loss 
than  the  diameter  of  the  ball,  the  spring  gives  a  longitudinal 
thrust  to  the  shaft,  and  pushes  the  armature  out  of  the  center 
of  the  field.  As  in  the  magnetic  device,  the  field  then  draws 
the  armature  back  ajid  the  operation  is  repeated. 

148.  Flashing  at  the  Direct-current  Brushes.  Under 
certain  abnormal  conditions  an  arc  is  likely  to  be  fornieil 
and  maintained  between  two  direct-current  brushes  of 
unlike  polarity,  to  the  detriment  of  the  brushes  and  rigging. 
This  action  is  called  "flashing"  or  "flashing-over,"  and  is 
generally  caused  by  a  "ground"  or  "short-circuit"  on  the 
direct-current  lines.  The  large  current,  which  flows  between 
the  brushes  and  the  commutator,  at  the  instant  of  the  short 
circuit,  vaporizes  some  of  the  carbon  and  forms  a  gas  around 
the  brushes.  The  alternating  current  supplied  at  this  instant 
is  so  large  that  it  causes  a  drop  in  the  alternating  voltage. 
The  direct-current  circuit  breakers  now  let  go,  and  the  alter- 
nating voltage  surges  up  to  an  abnormal  value.  This  sets 
up  a  high  voltage  between  adjacent  commutator  segments 
and  the  carbon  vapor  offers  a  path  of  comparatively  low 
resistance,  so  arcs  are  set  up  from  segment  to  segment  until 
the  brushes  are  practically  short-circuited  by  the  vapor  paths 
thus  formed.  The  normal  alternating  voltage  is  sufficient 
to  maintain  this  arc,  now  that  it  is  once  started,  and  unless;: 
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the  attendant  cuts  the  converter  from  the  line,  the  brush- 
holders  and  commutator  may  be  severely  injured. 

It  has  been  shown  in  Art.  138  that  severe  hunting  also  may 
cause  '' flashing  over." 

Although  it  would  be  possible  to  prevent  most  "flash- 
overs''  by  locking  the  alternating-current  and  the  direct- 
current  circuit  breakers  together,  it  is  usually  not  considered 
desirable  to  disconnect  the  machine  from  the  alternating- 
^•urrent  line  and  take  the  trouble  to  go  through  the  process 
of  starting  up  and  synchronizing  again.  It  is  much  more 
desirable  to  use  extra  care  in  designing  the  converter  in  order 
to  minimize  the  likelihood  of  flashing  and  to  protect  the 
converter  on  the  alternating-current  side  by  independent 
time-limit  relays,  which  disconnect  the  converter  from  the 
alternating-current  line  only  when  the  machine  continues  to 
draw  an  overload  from  the  mains.  For  this  reason  600  volts 
is  usually  considered  the  safe  upper  limit  for  the  voltage  of 
the  direct-current  brushes,  although  1200-volt  and  even  1500- 
volt  converters  have  been  built  for  25-cycle  systems.  Six 
hundred  volts  call  for  such  a  value  of  normal  voltage  be- 
tween commutator  segments  as  will  give  a  high  factor  of 
safety  against  flashing. 

In  street-railway  service  it  has  been  found  that  if  the 
feeders  are  not  tapped  into  the  trolley  lines  too  near  the  sub- 
stations, the  reactance  and  resistance  of  the  line  between  the 
converter  and  any  short  circuit  limits  the  size  and  sudden 
growth  of  the  short-circuit  current  so  that  flash-overs  are 
rare  occurrences. 

149.  Motor-converter.  In  order  to  secure  steadiness  in 
operation  and  ease  in  starting,  a  synchronous  converter  is 
sometimes  mounted  on  the  same  shaft  with  a  large  slow  speed 
induction  motor  having  the  same  number  of  poles  as  the  con- 
verter. The  two  machines  are  connected  in  series  with  each 
other*  or  in  "concatenation"  a«  it  is  called.  The  stator 
windings  of  the  induction  motor  are  connected  directly  to 

*  See  Chap.  VII,  Art.  105. 
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the  line.  The  rotor  of  the  motor  is  of  the  wound  type  and  is 
connected  directly  to  the  armature  of  the  converter.  No 
rings  are  necessary,  because  both  rotors  are  on  the  same 
shaft.  In  this  way  the  induction  motor  receives  all  the 
electrical  power  from  the  line,  uses  about  half  of  it  to  drive 
the  combination  and  sends  the  remainder  of  it  at  half  fre- 
quency to  the  converter. 

That  the  alternating  current  delivered  to  the  converter 
has  one-half  the  frequency  of  the  line  may  be  seen  from  the 
following: 

At  the  instant  the  induction  motor  is  thrown  on  the  line, 
as  we  have  seen  in  Chapter  VII,  the  frequency  of  the  e.m.f. 
induced  in  the  rotor  equals  the  frequency  of  the  line.  As  the 
rotor  gets  up  speed,  the  frequency  of  this  e.m.f.  induced  in 
the  rotor  becomes  less  and  less  until  it  finally  becomes  zero 
as  the  rotor  attains  synchronous  speed,  which  it  would  ap- 
proach very  closely  if  unloaded.  The  value  of  this  induced 
e.m.f.  is  also  gradually  decreasing  in  proportion  as  the  speed 
increases,  so  that  at  synchronous  speed  it  would  be  zero. 

On  the  other  hand,  the  value  of  the  e.m.f.  induced  in  the 
armature  of  the  converter  is  zero  at  the  instant  the  induction 
motor  is  thrown  on  the  line.  Thus  a  very  large  current  is 
delivered  by  the  rotor  of  the  induction  motor  to  the  conver- 
ter armature.  But  as  the  speed  rises,  the  e.m.f.  induced  in 
the  armature  winding  increases  and  cuts  down  this  current. 
Thus  the  current  dies  out  for  two  reasons,  —  tl^e  induced 
e.m.f.  in  the  rotor  of  the  induction  motor,  which  maintains 
the  current,  is  decreasing  as  the  speed  rises,  and  the  e.m.f. 
induced  in  the  armature  windings,  which  opposes  the  ciurent, 
is  increasing  as  the  speed  rises.  When  the  shaft  has  reached 
one-half  synchronous  speed,  the  e.m.f.  induced  in  the  armature 
windings  has  just  risen  to  the  value  which  the  e.m.f.  induced 
in  the  rotor  winding  has  fallen  to.  If  the  speed  increased 
still  further,  the  e.m.f.  induced  in  the  armature  would  send  a 
reverse  current  back  to  the  induction  motor  converter  rotor. 
The  converter  would  thus  be  acting  as  a  generator  and  in 
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delivering  power  would  tend  to  slow  down.  Its  induced 
e.m.f.  would  fall  again,  and  the  induced  e.m.f.  in  the  rotor 
would  rise  in  proportion.  Ek^uilibrium  is  thus  maintained 
at  practically  half -speed. 

The  converter  is  thus  running  on  a  30-cycle  current  if  the 
line  frequency  is  60  cycles  and  is  accordingly  more  stable. 
The  objection  to  this  arrangement  is  the  greater  initial  cost 
and  the  low  power-factor  at  which  the  iuduction  motor  must 
operate  on  account  of  running  at  one-half  synchronous  speed. 

160.  Inverted  Converter.  Speed-limiting  Switch.  The 
S3rnchronous  converter  can  be  used  to  convert  direct  current 
into  alternatiug  current.  When  so  used  it  is  called  an  in- 
verted converter. 

The  use  of  inverted  converters  is  limited  to  two  cases: 

(a)  When  a  generating  station  is  called  upon  to  supply  a 
local  direct-current  load  and  a  distant  alternating-current 
load.  A  converter  is  then  used  at  times  straight  to  help 
the  direct-current  generators,  and  at  times  inverted  to  help 
the  alternators. 

(6)  When  a  direct-current  system  wishes  to  supply  a  dis- 
trict at  a  distance  from  the  central  plant,  one  converter  is 
used  inverted  at  the  central  station  to  change  the  power  to 
alternating  current  for  high  voltage  transmission,  and  another 
at  the  distant  district  as  a  straight  converter  to  convert  it 
back  to  direct  current  for  use. 

The  miain  diflBculty  encountered  in  operatiug  a  converter 
in  the  above  manner  is  to  keep  the  speed  constant,  and  hence 
the  frequency  of  the  alternating  current  steady.  The  speed 
of  a  straight  converter  is  fixed  by  the  frequency  of  the  sys- 
tem, but  an  inverted  converter  is  merely  a  direct-current 
shunt  motor  and  its  speed  depends  upon  the  strength  of  the 
field  flux.  Now  if  the  fields  are  excited  from  a  constant- 
voltage  source  of  direct  current,  the  converter  acts  like  an 
alternator.  If  the  delivered  alternating  current  leads  the 
alternating  voltage,  then,  as  we  saw  in  Art.  9  and  10,  the 
armatm-e  reaction  strengthens  the  field  flux.    This  merely 
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causes  the  voltage  of  an  alternator  to  rise;  but  since  the  speed 
of  a  shunt  motor  depends  upon  the  strength  of  the  field,  this 
increase  of  field  strength  will  cause  the  converter  to  slow 
down,  and  make  a  corresponding  decrease  in  the  frequency 
of  the  current  delivered.  At  unity  power-factor  the  arma- 
ture reaction  neither  strengthens  nor  weakens  the  field,  so 
the  speed  is  not  altered. 

When  the  converter  delivers  a  lagging  current,  however, 
the  field  flux  is  weakened  by  the  armature  reaction,  just  as 
described  in  Art.  9  and  10  for  the  case  of  an  alternator.  This 
weakened  field  causes  the  converter  speed  to  rise,  and  to  in- 
crease the  frequency.  An  increase  in  the  frequency  may 
increase  the  inductive  reactance  of  the  circuit  and  cause  the 
current  to  lag  still  more.  This  causes  a  still  further  weaken- 
ing of  the  field  and  an  increase  in  the  speed,  and  so  on  until 
the  speed  becomes  dangerously  high.*  It  is  evident  that  for 
successful  inverted  operation  of  converters  excited  by  a  con- 
stant-voltage source  of  direct  current,  some  kind  of  speed- 
limiting  switch  is  necessary. 

A  common  type  of  this  switch  is  operated  by  a  centrifugal 
governor.  A  weight  is  mounted  on  the  end  of  the  shaft  in 
such  a  way  that  as  the  speed  increases  the  weight  is  forced 
further  from  the  shaft.  Such  a  device,  marked  S.  L.  S,,  is 
shown  attached  to  the  end  of  the  shaft  of  the  converter  in 
Fig.  340.  Before  the  speed  reaches  a  dangerous  value,  the 
weight  has  been  forced  out  so  far  that  it  hits  and  closes 
a  switch  which  short-circuits  a  no-voltage  release  on  the 
direct-current  circuit  breaker.  The  opening  of  this  breaker 
disconnects  the  driving  power  from  the  converter.  This 
switch  is  usually  mounted  on  one  end  of  the  converter  shaft 
and  the  end-play  device  on  the  other  end,  but  they  are  some- 
times combined. 

The  speed-limiting  device  does  not  cause  the  converter  to 
run  at  uniform  speed,  —  it  merely  prevents  the  speed  from 

*  Inductive  reactance  equals  2t/L.  Thus  if  the  frequency  /  in- 
creases, the  total  reactance  is  increased  in  exact  proportion. 
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becoming  dangerously  high.  By  exciting  the  inverted  con- 
verter from  a  shunt-wound  generator  connected  to  the  con- 
verter shaft,  the  speed  may  be  held  very  nearly  constant. 
The  field  of  the  exciter  is  run  very  much  below  saturation 
and  any  slight  increase  in  speed  causes  a  large  increase  in 
voltage  and  thus  an  increased  field  current  in  the  converter. 

Of  course  if  a  converter  is  running  inverted  in  parallel  with 
alternators  of  large  capacity,  there  is  no  danger  of  its  racing. 
It  then  acts  exactly  like  another  alternator  running  in  parallel. 
If  the  field  is  too  weak  it  draws  a  lagging  current  from  the 
other  alternators;  if  too  strong,  a  leading  current,  just  as  any 
other  alternator  would,  as  explained  in  Art.  25,  28  and  29. 

On  the  other  hand,  when  operating  as  a  straight  converter 
in  parallel  with  other  converters,  there  is  danger  of  racing,  if 
at  any  time  the  voltage  of  the  alternating-current  supply 
is  lost  (through  a  short  circuit  or  otherwise)  and  at  the 
same  time  the  direct-current  power  is  maintained  across 
the  brushes  by  some  external  source  of  supply,  such  as  a 
storage  battery.  It  then  operates  as  an  inverted  converter, 
and  if  there  is  considerable  inductive  reactance  in  any  circuit 
that  may  exist  between  the  alternating-current  rings,  a 
lagging  current  will  be  pumped  through  it  with  the  resulting 
danger  of  racing.  It  is  essential,  then,  that  all  converters 
be  equipped  with  a  speed-limiting  device,  reverse-current 
breaker  on  the  direct-current  side,  and  low-voltage  release 
coils  on  the  alternating-current  breakers.  The  whole  danger 
lies  in  the  converter  becoming  disconnected  from  the  alter- 
nating-current source  of  power.  When  properly  connected, 
the  shunt  field  may  be  completely  killed  and  still  the  con- 
verter would  not  race.  As  we  have  seen,  it  would  then 
merely  take  a  large  lagging  current  from  the  alternating- 
current  lines. 

161.  ParaUel  Operation  of  Converters.  Converters 
operating  in  parallel  are  subject  to  the  same  conditions  as 
direct-current  generators  operating  in  parallel.  The  same 
precautions  must  be  taken  for  an  equal  distribution  of  the 
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load  among  the  various  machines,  as  are  taken  to  assure  the 
proper  distribution  of  load  among  direct-current  generators 
operating  in  parallel.  In  the  case  of  compound  converters, 
the  terminals  from  which  the  series-field  leads  start  must  all 
be  connected  through  switches  to  an  equalizing  bus-bar.  In 
putting  a  converter  into  service  and  in  parallel  with  other 
converters,  the  switch  to  this  equalizing  bar  should  be  thrown 
in  before  the  main  switches  are  closed.  This  allows  the 
series  field  to  receive  some  current  from  the  machines  already 
running.  Then  close  the  negative  switch  (the  series  field 
being  on  the  negative  side),  the  direct-current  circuit  breakers 
and  the  positive  switch,  in  the  order  given.  Adjust  the 
rheostats  in  the  fields  of  the  machines  until  each  converter 
takes  its  share  of  the  load. 

When  converters  are  run  in  parallel  on  both  the  direct- 
and  the  alternating-current  side,  each  converter  should  take 
its  power  through  a  separate  set  of  transformers;  otherwise, 
all  the  machines  must  have  exactly  the  same  armature  re- 
sistance, lead  resistance,  brush  resistance  and  brush  setting, 
in  order  that  each  machine  take  its  share  of  the  load.  These 
conditions  are  practically  impossible.  When  the  converters 
are  operating  in  separate  banks  the  distribution  of  the  load 
may  be  changed  by  changes  in  the  shunt  field,  the  series  field, 
the  equalizer  circuit  and  the  setting  of  the  brushes.  While 
changing  the  brush  setting  will  change  the  direct  voltage 
across  the  converter  and  thus  change  the  strength  of  the 
shunt  field  and  the  compounding,  it  is  likely  to  cause  spark- 
ing. It  is  usually  better  to  have  the  brushes  on  all  the 
machines  set  for  sparkless  commutation,  and  as  nearly  as 
possible  at  sunilar  positions,  and  to  rely  upon  the  changes  in 
other  respects  to  distribute  the  load  properly. 

The  regulation  of  the  converters  should  be  suited  to  the 
characteristics  of  the  load.  Thus  converters  in  parallel  with 
storage  batteries  should  have  a  drooping  voltage  charac- 
teristic or  poor  regulation,  otherwise  the  batteries  will  not 
carry  their  share  of  the  load.  In  general,  we  have  seen  that 
the  machine  with  the  greatest  compounding,  or  having  the 
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most  rising  or  least  drooping  characteristic,  always  takes  the 
greatest  share  of  the  load. 

162.  Efficiency  and  Losses.  The  accompanying  table 
is  from  the  *' American  Handbook  for  Electrical  Engineers" 
and  gives  the  eflSciency  and  distribution  of  losses  of  a  typical 
60-cycle  and  a  25-cycle  converter.  The  values  are  all  in  per 
cent  of  input  at  full  load 


TABLE  III 
Converter  Losses  and  Efficiencies 


Kw.  rating 

Frequency 

Core  Idss 

Armature  RP . . . 
Shunt  field  RP . 

Brush  RP 

Bearing  friction 
Brush  friction. . 
Efficiency 


500 

300 

25 

60 

1.00 

1.75 

0.55 

0.60 

0.70 

0.60 

0.40 

0.40 

0.55 

1.50 

0.30 

0.65 

96.50 

94.50 

163.  Mechanical  Stracture  of  Converters.  The  transfer 
of  electrical  energy  in  a  converter  takes  place  in  the  con- 
ductors without  going  through  the  intermediate  step  of 
mechanical  energy.  Thus  the  mechanical  construction  does 
not  have  to  be  as  hea  vy  as  for  a  motor  or  generator  handling 
the  same  amount  of  electrical  energy.  The  shaft,  bearings, 
bracing  of  the  windings,  etc.,  have  to  be  constructed  strong 
enough  only  to  withstand  centrifugal  forces  and  the  small 
torque  set  up  to  overcome  the  friction,  core  loss,  copper  loss, 
windage,  etc. 

154.  Three-wire  System.  Dobrowolsky  Method.  When 
a  synchronous  converter  is  supplying  a  three-wire  direct- 
current  system,  the  neutral  wire  is  brought  back  to  the  neu- 
tral point  of  the  transformer  secondaries  as  in  Fig.  8a,  First 
Course.  In  this  way,  the  unbalanced  current  carried  by  the 
neutral  wire  returns  to  the  system  at  the  neutral  point  and 
enters  the  armature  winding  through  the  collecting-rings. 

An  arrangement  similar  to  this  is  often  used  in  connection 


676 


ALTERNATING-CURRENT  ELECTRICITY 


with  a  dire<-t-curnMit  gcMionitor  in  order  to  get  the  :ul vantage 
of  three-wire  distribution.  The  armature  is  tapped  at  points 
180  electrical  degrees  apart  and  brought  out  to  two  collector- 
rings  (like  the  tapping  on  the  armature  of  a  two-ring  con- 
verter), and  a  single-coil  auto-transformer,  called  a  balancer 
coil,  is  connecte<l  acrass  the  two  rings.  Fig.  342  shows  the 
balancer  coil  AB  connected  to  a  two-pole  generator  at  the 
points  a  and  b  which  are  180°  apart.    The  rings  are  omitted 
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Fig.  342.  Diagram  of  a  Dobrowolsky  three-^*ire  direct-current  gen- 
erator. The  balancer  coil  AB  is  connected  to  the  two  diametral 
taps  a  and  6  on  the  armature.  The  neutral  wire  comes  to  the  middle 
point  A'  of  the  balancer  coil. 

to  give  clearness  to  the  connections.  The  point  a  will  always 
be  as  much  below  the  voltage-level  (potential)  of  the  brush 
Bi  as  the  point  b  is  above  the  voltage-level  of  the  brush  ft, 
regardless  of  what  position  the  armature  may  be  passing 
through.  The  middle  .V  of  the  auto-transformer  or  balance 
coil  AB  is  always  just  as  far  l>elow  the. voltage-level  of  a  as  it 
is  above  the  voltage-level  of  the  point  b.  Therefore  we  see 
that  the  point  A^  is  always  just  as  far  below  the  voltage-level 
of  brush  Bi  as  it  is  above  the  voltage-level  of  brush  Bj;  in 
other  words,  it  is  electrically  midway  between  the  positive  and 
the  negative  mains  at  all  times,  or  is  in  fact  a  neutral  point  for 
the  direct-current  distributing  system.  The  balancer  coil  has  a 
low  resistance.    Just  as  the  central  point  of  the  transformer 
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connected  across  the  rings  of  a  two-ring  converter  would  be 
the  neutral  point  of  the  converter,  so  the  central  point  N  of 
this  balancer  coil  is  the  neutral  point  of  the  direct-current 
generator  and  will  therefore  allow  a  direct  current  to  flow 
through  it,  but  will  oppose  the  flow  of  an  alternating  current. 
The  alternating  voltage  induced  in  the  armature  conductors 
will  always  be  sending  an  exciting  current  through  the  coil 
equal  to  the  effective  value  of  the  induced  voltage  divided  by 
the  impedance  of  the  coil  at  the  frequency  at  which  the 
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Fig.  343a.  Diagram  of  a  Dobrowolsky  three-wire  direct-current  gen- 
erator equipped  with  two  balancer  coils  in  order  to  distribute  the 
out-of-balance  current  more  uniformly  throughout  the  armature 
windings. 

voltage  alternates.  Thus,  if  the  induced  voltage  had  approx- 
imately a  sine  wave-form  and  was  240  volts  at  the  direct- 
current  brushes,  the  effective  value  across  the  balancer  coil 
would  be  0.707  of  240  or  169  volts.  Assuming  300  ohms  as 
the  impedance  (being  practically  all  reactance,  at  the  fre- 
quency of  the  machine),  the  exciting  current  would  be  J^5 
or  0.58  ampere.  Thus  only  this  ver>'^  small  alternating 
current  would  be  flowing  although  the  machine  was  deliver- 
ing 240  volts,  because  the  reactance  chokes  back  an  alterna- 
ting current. 
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Now  assume  the  three-wire  direct-current  system  is  un- 
balanced as  in  Fig.  342,  by  the  positive  side  taking  100 
amperes  and  the  negative  only  80  amperes.  The  neutral 
which  must  then  carry  20  amperes  is  connected  at  the  exact 
central  point  C  of  the  balancer  coil.  The  low  resistance  coil 
offers  very  little  opposition  to  the  flow  of  direct  current. 


Fiu.  343b.  A  phoU^raph  of  the  Dobrowolsky  three-wire  direct-cur- 
rent gcneralnr  equipped  with  two  balancer  coils  installed  in  the 
power  plant  of  Wcntworth  Institute.    The  Weititighoute  Electric  i" 

Mfg.  Co. 

Thus  10  amperes  direct  current  flows  in  through  one-half  of 
the  coil  and  10  amperes  through  the  other  half,  as  in  this  way 
the  least  resistance  is  offered  to  the  flow.  These  two  cur- 
rents flowing  in  opposite  directions  around  the  core  exactlj' 
neutralize  the  magnetic  effect  of  each  other  and  so  do  not  di^ 
turb  the  alternating  exciting  current. 
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In  order  to  more  evenly  distribute  the  neutral  current 
among  the  armature  windings  and  thus  decrease  the  heating, 
it  is  customary  to  use  two  balancer  coils  connected  to  the 
generator  through  four  collecting-rings.  In  Fig.  343a  the 
rings  are  omitted  for  the  sake  of  clearness,  but  note  that  the 
neutral  current  enters  the  armature  at  four  points  a,  6,  c,  d, 
instead  of  at  two  (a  and  6),  as  in  Fig.  342.  The  appearance 
of  a  Dobrowolsky  generator,  equipped  with  four  rings  for 
two  balancer  coils  is  shown  in  Fig.  343b. 

RECTIFIERS 

For  changing  alternating-current  power  in  small  quantities 
into  direct-current  power  there  are  several  devices  much  less 
expensive  than  the  motor-generator  or  the  synchronous  con- 
verter. These  are  called  rectifiers  and  are  of  three  types,  (a) 
the  mercury  arc,  (6)  the  electrolytic  and  (c)  the  vibrating. 

166.  Mercury-arc  Rectifier.  By  far  the  most  common 
rectifier  is  the  mercury  arc,  which  is  widely  used  to  rectify 
alternating  currents  for  the  purpose  of  charging  storage 
batteries  and  operating  arc  lights.  A  picture  of  a  mercury 
arc  rectifier  is  shown  in  Fig.  344  and  a  connection-diagram  in 
Fig.  345. 

The  glass  tube  containing  the  mercury  is  exhausted  until 
a  very  low  pressure  is  obtained.  There  are  two  wells,  B  and 
X,  which  contain  mercury,  and  two  positive  graphite  elec- 
trodes A  and  A'y  generally  called  the  anodes. 

The  anodes  A  and  A'  are  connected  to  opposite  sides  of 
the  line  from  the  transformer.  A  coil  of  high  reactance  but 
of  low  resistance  {Ti  —  T^  is  also  connected  across  the  trans- 
former. The  negative  side  of  the  battery  to  be  charged,  or 
of  the  arcs  to  be  lighted,  is  connected  to  the  middle  point  C  of 
the  reactance  coil,  and  the  positive  side  to  the  large  mercury 
well  at  B,  The  small  mercury  pool  at  X,  which  is  merely 
used  to  start  the  arc,  is  connected  through  a  resistance  R  to  one 
side  of  the  transformer  line.  There  is  such  a  high  resistance 
oflfered  by  the  gap  between  the  mercury  wells  that  it  would 
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take  many  thousand  volta  to  start  a  current  through  it,  so  a 
starting  device  is  necessary.  The  tube  is  tilted  until  a  bridge 
of  mercury  is  formed  across  the  space  between  B  and  X.  This 
offers  a  path  from  wire  E  through  resistance  R,  from  X  to  B, 
through  thebattery  to  C,  through  half  the  reactance  coil  7*1,10 
the  other  aide  of  the  circuit  D.     An  alternating  current  would 


Fio.  344.    The  tube  of  the  sinKlfr-phase         Fig.  345.     Diagram  of  the 
mercury  arc  rectifier.     Tke  General  connections  for  the  single- 

Elecirk  Co.  phase  mcrcuiy-ftrc  recti- 

fier of  Fig.  344. 

therefore  flow  through  this  path.  If  the  tube  is  now  tilted 
iKick,  an  arc  is  formed  which  vaporizes  some  of  the  mercurj- 
and  so  charges  it  with  electricity  that  the  resistance  is  cut 
down  between  the  points  A'  and  B  between  and  the  jKfints  A 
and  B.  Now  mercury  vupor  possesses  the  quality  in  conimoD 
with  almost  all  metallic  vapors  of  allowing  a  current  to  pass 
easily  in  one  direction  and  hardly  at  all  in  the  other  direc- 
tion.   Thus  the  current  can  now  easily  pass  from  either  A 
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or  A'  to  S,  dt^pending  uix>n  whether  A  ov  A'  happens  to  be 
positive  at  this  instant.  If  A'  happens  to  be  positive,  a 
current  is  immediately  set  up  through  the  vapor  between 
A'  and  S,  and  flows  from  A'  to  B^  through  the  battery  to  C, 
through  Ti  to  the  other  side  (D)  of  the  transformer  B.  At 
the  next  instant  A'  has  become  negative  and  A  positive. 
Practically  no  current  can  flow  back  from  5  to  A',  but  since 
A  is  now  positive,  a  current  flows  from  A  to  B  through  the 
vapor,  then  through  the  battery  to  C,  through  T^  to  the  side 


a 


|5 


Fig.  346.  Curve  a  represents  the  current  in  the  lead  wire  at  A  of 
the  rectifier  of  Fig.  345.  Curve  h  is  the  current  in  the  lead  wire  at 
A'.  Curve  c  is  the  current  in  the  lead  wire  at  B.  Note  that  curve 
c  is  merely  the  sum  of  curves  a  and  6,  and  that  none  has  negative 
values. 

E  of  the  transformer.     Thus  the  current  through  the  battery 
is  always  in  one  direction. 

But  the  mercury  arc  has  the  properties  of  any  other  arc,  — 
it  requires  a  voltage  to  maintain  it.  Now  when  E  is  chang- 
ing from  positive  to  negative,  or  vice  versa,  there  is  an  instant 
when  the  voltage  is  zero,  and  at  this  instant  the  arc  tends 
to  go  out.  The  inductive  reactance  of  the  coils  T\  and  Tt 
is  used  for  the  purpose  of  preserving  the  arc.  For,  as  we 
have  seen,  a  current  is  set  up  in  Ti  before  the  voltage 
from  A'  to  B  dies  out.  This  current,  during  the  decay 
of  the  voltage  from  A'  to  B,  tends  to  keep  up  its  strength 
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becHUse  of  the  inductance  of  the  coil  7*1  an<l  thus  jumps 
through  the  vapor  from  .4  to  S  forming  a  local  circuit, 
—  from  A  to  B,  through  the  battery,  through  Ti  to  ^ 
again.  So,  even  before  A  becomes  positive  on  account  of 
the  secondary  transformer  voltage,  a  current  is  already  flowing 
from  AtoB,  and  it  is  merely  increased  by  the  rising  positive 
voltage  from  AtoB.  Thus  the  currents  overlap  one  another, 
as  it  were,  and  maintain  a  resultant  current  flowing  through 


Fia.  347.  Oacillo)(ra>"H  talcen  on  a  Ueneral  Electric  mercluy-twc 
rectilier,  rated  60  cycles:  volts,  d-c.  30/llS;  a-«.  110/220;  amperes, 
d-c.  30.  Upper  curve;  direct  current,  23.6  amperes.  Middle  curve: 
direct  voltage,  99.4  volts.  Lower  curve:  alt«mating  voltage,  220 
voltB.      Lines  morkp<l   X  are  zero  lines.      The  OctifTol  EUelrie  Co. 

the  tube  continuously.  In  Fig.  346,  curve  a  is  a  copy  of  an 
oscillogram  taken  of  the  current  flowing  into  the  tube  at  A, 
and  cur\'e  b  is  an  oscillogram  of  the  current  flowing  into  the 
tulje  at  A'.  Note  that  m^ither  current  has  a  negative  loop. 
Curve  c  is  an  oscillogram  of  the  current  flowing  out  of  the 
tube  at  B  into  the  battery.  Note  that  it  is  merely  the  sum 
of  curves  a  and  b  and  that  it  never  falls  to  zero,  although  it 
pulsates  and  is  full  of  ripples.     Fig.  347  shows  the  direct 
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current  curve,  direct-voltage  curve  and  the  alternating- 
voltage  curve  obtained  by  an  oscillograph,  from  a  General 
Electric  mercury-arc  rectifier. 

The  current  in  the  opposite  direction  (from  mercury  well 
to  carbon  anode)  is  not  entirely  shut  off.  A  small  "in- 
verse" current  will  always  flow  in  this  direction,  and  it  may 
at  any  instant  become  large  enough  to  cause  a  short  circuit, 
—  for  instance,  when  the  tube  gets 
old  and  the  vacuum  falls  off.  This 
allows  the  inverse  current  to  assume 
very  great  proportions  and  destroys 
the  rectifjdng  action.  In  fact  any 
cause  which  lowers  the  vacuum  will 
allow  the  inverse  current  to  be  set 
up.  Mercury  will  sometimes  con- 
dense on  the  side  of  the  tube  and 
drop  on  the  red  hot  carbon  anodes 
This  vaporizes  the  drop  of  mercury 
and  instantly  lowers  the  vacuum. 
The  tube  thus  practically  forms  a 
short  circuit  on  the  alternating- 
current  line,  since  the  current  can 
flow  both  ways  through  it  with  very 
little  resistance.  Precautions  are 
therefore  taken  in  designing  the 
shape  of  the  tube  to  prevent  mercury 
globules  from  coming  into  contact  Fia.  348.  Diagram  of  con- 
with  the  carbon  anodes.  '^^^^^^"^  ^^^  *  thr^phaae 

rpi  .  -1      m  J    m        iTiercury-arc  rectifier. 

The  reactance  coils  Ti  and  T2 
may  be  omitted  if  a  special  transformer  with  large  leakage 
reactance  is  used,  having  the  secondary  divided  into  two 
equal  coils.  The  negative  of  the  batteries  is  then  brought 
to  the  juncture  of  these  two  secondary  windings,  which 
perform  the  duties  of  both  reactance  coils  Ti  and  T2  and 
also  of  the  secondary  winding  DE. 

A  tube  constructed  for  use  on  a  three-phase  circuit  works 
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even  better  than  a  single-phase  tube.  Fig.  348  shows  the 
connection  for  a  three-phase  tube.  Note  that  the  return 
from  the  battery  is  brought  back  to  the  neutral  juncture  of 
the  three  Y-eonnected  transformer  coils.  The  front  and  rear 
appearance  of  a  mercury-arc  battery-chargiiig  equipment  is 
shown  in  Fig.  349. 


Front  Rear 

Fia.  349.    Front  and  rear  viewa  of  a  General  Electric  mercury-arc 
rectifying  outfit  for  chorgin);  atorage  batteries. 

166.  Rating  and  Efficiency  of  Mercuiy-arc  Rectifiers. 

The  most  common  size  of  tube  for  chai^ng  storage  batteries 
is  built  of  glass  with  a  maximum  capacity  of  30  amperes 
direct  current,  and  with  a  minimum  current  of  5  or  6 
amperes.    If  the  current  in  these  tubes  is  raised  much  above 
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30  amperes,  the  glass  becomes  too  hot  and  soon  breaks  down 
by  taking  on  a  coating  of  mercury  which  short-circuits  the 
terminals.  If  the  current  drops  below  5  or  6  amperes,  the 
arc  "goes  out"  and  the  tube  must  be  tilted  up  and  started 
again.  In  other  words,  it  takes  5  or  6  amperes  to  keep  the 
mercury  sufficiently  vaporized  and  electrified  to  maintain 
an  arc. 

Other  sizes  in  glass  are  rated  at  10,  20,  40  and  50  amperes 
maximum.  Steel  tubes  deliver  as  high  as  300  aftnperes  direct 
current.  They  can  be  built  for  practically  any  voltage  by 
making  the  distance  between  the  anode  and  the  mercury  well 
(or  cathode)  great* enough.  Tubes  have  been  built  to  operate 
on  6000  volts.  The  direct  voltage  may  be  made  any  value 
between  20  per  cent  and  52  per  cent  of  the  alternating  voltage 
of  the  transformer  secondaries  and  the  direct  current  IJ  to  2J 
times  the  alternating  current.  The  drop  across  the  tube  is 
always  14  volts  in  the  battery-charging  type  and  25  volts  in 
the  series-lighting  type,  regardless  of  what  the  impressed  volt- 
age is.  The  efficiency  then  depends  entirely  upon  the  voltage 
at  which  the  tube  is  operated;  in  fact,  in  those  operating  on 
high  voltage,  the  tube  loss  is  negligible,  the  efficiency  depend- 
ing upon  the  efficiency  of  the  transformer.  In  practice,  the 
combined  efficiency  of  the  transformers  and  tubes,  etc.,  ranges 
from  80  per  cent  to  92  per  cent.  The  power-factor  is  about 
90  per  cent.  The  regulation  is  excellent,  depending  entirely 
upon  the  drop  in  the  transformers  and  reactance  coils,  since  the 
drop  in  the  bulb  does  not  change  at  all  with  the  load.  The 
life  depends  upon  the  temperature  at  which  the  bulb  is  run, 
—  a  low  temperature  resulting  in  an  indefinitely  long  life. 

167.  Electrolytic  Rectifier.  Many  metals  immersed  in 
some  solution  offer  a  high  resistance  to  the  passage  of  an 
electric  current  when  it  is  flowing  from  the  metal  to  the  solu- 
tion, but  yet  offer  a  very  low  resistance  when  current  flows 
from  the  liquid  to  the  metal.  In  the  case  of  aluminum,  it  is 
practical  to  make  commercial  use  of  this  property  for  recti- 
fying alternating-current  power  in  relatively  small  amounts. 
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A  plate  of  aluminum  and  a  plate  of  lead  are  placed  in  an 
electrolyte,  generally  a  solution  of  neutral  ammonium  sul- 
phate. The  aluminum  will  allow  a  current  to  flow  from  the 
lead  through  the  solution  to  the  aluminum  plate  with  not 
much  resistance,  but  offers  a  high  resistance  to  the  flow  from 
the  aluminum  through  the  electrolyte  to  the  lead  plate. 

Such  a  cell  is  called  an  elec- 
trolytic rectifier. 

An  arrangement  of  four  cells 
is  generally  used  when  an  alter- 
nating current  is  to  be  rectified 
for  charging  storage  batteries, 
as  in  Fig.  350.  When  the  side 
B  of  the  transformer  is  positive, 
the  current  can  flow  through 
cell  I  from  the  lead  to  the 
aluminum,  but  not  much  current 
can  get  through  cell  II  as  it 
would  have  to  pc^  from  the 
aluminum  to  the  lead.  There- 
fore, it  is  forced  through  the 
battery  to  point  D,  From  here, 
it  can  flow  through  cell  IV,  from 
lead  to  aluminum  again,  and 

Fig.  350.    Diagram  of  comiec-  ^^^^  ^^^  ^^^^^  ^^^  ^   ^j  ^^^ 
tion  CM  four  aluminum  cells  to  a-     •      i  t 

be  used  as  an  electrolytic  rec-  transformer.      Smularly,    when 
tifier.  A  becomes  positive,  the  current 

flows  from  A  through  cell  II, 
through  the  battery  and  cell  III  to  the  side  B  of  the 
transformer. 

The  efficiency  of  this  arrangement  depends  upon  the  tem- 
perature of  the  electrolyte;  being  about  30  per  cent  for  an 
equipment  for  charging  a  6-volt  battery,  if  the  temperature 
does  not  rise  above  30^  C,  but  becoming  very  small  as  the 
aluminum  cells  get  hot.  In  order  to  operate  at  the  proper 
temperature,  the  aluminum  plates  should  each  have  an  area 
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of  about  2  square  inches  for  each  ampere  which  ia  delivered 
to  the  battery.  Thus  to  charge  a  battery  at  the  rate  of  10 
amperes,  each  aluminum  cell  should  have  an  aluminum  plate 
of  about  20  square  inches  and  a  lead  plate  of  about  the  same 
area,  and  should  hold  nearly  a  quart  of  electrolyte.  The 
amount  of  current  is  regulated  by  the  resistance  R.  Os- 
cillograms for  an  electrolytic  rectifier,  furnished  by  the 
General  Electric  Co.,  are  shown  in  Fig,  351. 


Fio.  351.  Oscillograma  made  by  the  General  Electric  Co.  on  a  Faria 
Electrolytic  Rectifier,  rated  30  amperes,  110  volts.  Upper  curve: 
direct  current.  Middle  curve:  direct  voltage.  Lower  curve: 
alternating  voltage.     The  lines  marked  X  are  zero  linea. 

168.  Vibrating  Rectifier.  For  supplying  from  three  to 
eight  amperes  direct  current  for  charging  storage  batteries 
from  an  alternating-current  circuit,  a  vibrating  rectifier  like 
that  in  Fig.  352  is  sometimes  used.  The  operation  may  be 
understood  by  referring  to  Fig.  353.  Across  one-half  of  the 
transformer  secondary  are  connected  in  series  two  magnets 
called  the  a-c.  magnets.  Note  that  the  winding  on  one  is 
reversed  so  that  at  any  given  instant  they  both  present  the 
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same  polarity  to  the  magnet  called  the  d-c.  magnet.  During 
one-half  the  cycle  they  will  present  a  north  pole  to  the  d-c. 
magnet  and  during  the  other  half  a  south  pole.  The  d-c. 
magnet  which  is  free  to  move  about  its  center  is  enei^zecl 
from  the  battery  which  is  being  charged  and  its  poles  are 
permanent  during  the  charging  process.  Thus  at  any  instant 
one  end  will  be  attracted  to  an  a-c.  magnet  and  the  other  en<l 
will  be  repelled  by  the  other  magnet.  As  the  a-c.  rai^ets 
reverse  their  polarity,  the  other  end  of  the  d-c.  magnet  is 


Fiu.  352.     A  vibrating  rectifier.     The  Wetlinghoute  Electric  &  Mfy.  Co. 

drawn  up  and  the  first  repulsed.  Thus  the  d-c.  magnet 
vibrates  in  synchronism  with  the  alternations  in  the  alternat- 
ing-current line.  As  it  vibrates  it  makes  and  breaks  contacts 
at  the  points  X  and  Y. 

Assume  that  the  end  marked  5  of  the  transformer  is  posi- 
tive at  a  given  instant.  This  makes  contact  points  Y  positive 
at  that  instant,  and  the  two  a-c.  magnets  will  \>e  presenting 
north  poles  to  the  d-c.  magnet.  Now  if  the  battery  terminal 
marked  M  happens  to  be  the  positive,  then  the  left  end  of  the 
d-c,  magnet  will  be  a  north  pole  and  will  be  repulsed  by  tht 
a-c.  magnet,  and  the  right-hand  end  will  be  attracted.  This 
makes  a  contact  at  Y  and  opens  the  circuit  at  X.  The  a-c. 
current  from  5,  therefore,  enters  the  conducting  strip  on  the  d-c. 
magnet  at  Y,  flows  through  this  strip  to  the  side  of  battery 
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circuit  marked  Af ,  through  the  battery  to  N  and  then  back  to 
the  transformer.  At  the  next  instant,  the  current  dies  out 
and  a  spring  brings  the  d-c.  magnet  back  to  the  position  in 
Fig.  353.  The  contact  is  thus  broken  at  the  instant  when 
the  current  is  zero,  and  no  sparking  results.  Then  the  end 
5  of  the  transformer  becomes  negative  and  the  current  flows 
in  the  opposite  direction  through  the  a-c.  magnet  coils, 
making  them  present  south 
poles  to  the  d-c.  magnet. 
The  left  end  of  the  d-c. 
magnet  is,  therefore,  at- 
tracted up  and  the  right 
end  is  repulsed  down,  mak- 
ing a  contact  at  X,  This 
connects  M  through  the 
d-c.  magnet  and  contact 
X  with  the  end  3  of 
the  transformer,  which,  we 
have  seen,  is  now  positive. 
Thus  the  lead  M  is  still 
positive,  and  an  intermit- 
tent direct  current  is  de- 
livered to  the  batteries. 
Note  that  it  makes  no 
difference  whether  the  pos- 
itive or  the  negative  side  Fig.  353.  Diagram  of  connections  of  a 
.  ^,     ,     , .         .  ,     ,       vibrating  rectifier.     Fro7n  the  Electric 

of  the  battery  IS  connected  r  ,  i 
to  M  or  N.  If  the  nega- 
tive side  is  connected  to  M,  instead  of  the  positive,  as  in 
the  above  explanation,  it  merely  magnetizes  the  d-c.  magnet 
in  the  opposite  direction  and  the  rectifying  takes  place  in 
the  reverse  order  so  that  the  current  is  always  delivered  to 
the  proper  battery  •  lead.  Fig.  354  shows  the  alternating 
voltage,  direct  voltage  and  direct  current  as  taken  by  an 
oscillograph  on  a  General  Electric  Co.  vibrating  rec- 
tifier. 
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169.  Difference  between  Currents  Delivered  by  Rec- 
tifiers and  by  Converters.  The  current  from  a  rectifier 
cannot  be  used  in  a  circuit  containing  inductance  because  its 
pulsations  would  set  up  eddy  currents  and  would  also  cause 
hysteresis  loss.     It  would,  therefore,  not  be  well  to  excite  the 


Fic  354,  Oscillograms  taken  on  a  General  Electric  VibrotiDg  Rec- 
tilier,  rat«d  115  volts,  6.8  amperes  (alternating  current)  and  4.7 
amperes,  direct  current.  Upper  curvei  alternating  voltage.  Mid- 
dle curve:  direct  voltage.  Lower  curvei  direct  current.  The  rec- 
tifier is  charging  a  threc-eell  battery. 

field  of  an  alternator  with  the  current  delivered  by  a  rectifier. 
The  curves  of  direct  voltage  as  shown  in  the  oscillograms 
of  Fig.  347,  351  and  354  are  smoothed  out  and  sustained 
because  in  every  case  batteries  are  being  chained.  The  cur- 
rent delivered  by  a  converter,  on  the  other  hand,  is  usually 
as  steady  as  that  delivered  by  a  direct-current  generator  and 
can  be  used  for  any  purpose  calling  for  direct- current  power. 


SUMMARY  OF  CHAPTER  IX 


A  SYNCHRONOUS  CONVERTER  is  a  synchronous  motor, 
the  revolving  armature  of  which  is  fitted  with  both  a  commutator 
and  coUecting-rings.  Alternating-current  power  supplied  to  the 
rings  drives  the  machine  as  a  synchronous  motor  and  direct- 
current  power  can  be  taken  from  the  armature  by  means  of 
brushes  bearing  on  the  conmiutator. 

A  COMPARISON  OF  THE  SYNCHRONOUS  CONVERTER 
with  a  motor-generator  capable  of  converting  the  same  amount 
of  power  from  alternating  to  direct  current  shows  that  the 
synchronous  converter: 

(a)  Is  more  efficient  if  not  too  much  auxiliary  apparatus  is 
needed  to  control  voltage,  etc. 

(b)  Weighs  less  and  occupies  less  space. 

(c)  Costs  less.  —  about  $11.00  per  kilowatt  for  the  larger 
units. 

(d)  In  the  smaller  sizes,  is  hard  to  start  and  unstable  on  a 
line  where  sudden  changes  in  load  or  voltage  occur.  Induction 
motor-generators  have  the  advantage  in  these  two  particulars. 

(e)  The  direct  voltage  cannot  be  controlled  separately  from 
the  power-factor  as  in  a  synchronous  motor-generator. 

(f)  Cannot  be  used  to  improve  power-factor  or  the  regulation 
of  line  without  great  loss  in  capacity  as  can  a  synchronous 
motor-generator. 

THE  RATIO  OF  THE  ALTERNATING  E.M.F.  to  the  direct 
e.m.f.  of  a  S3mchronous  converter  is  practically  fixed,  as  follows: 


Number  of  phajtea. 

Under  ideal 
conditions. 

Under  actual  conditions. 

Full  load, 
straight. 

Full  load, 
inverted. 

One,  two,  six  (diametral). . . 
Three  or  six  (double  delta). 

0.707 
0.612 

0.71 
0.62 

0.675 
0.580 

THE  RATIO  OF  THE  ALTERNATING  CURRENT  PER 
RING  TO  THE  DIRECT  CURRENT  is  as  foUows  for  unity 
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power-factor  and  100  per  cent  efficiency.    Correction  can  easily 
be  made  for  other  power-factors  and  efficiencies. 

Single-phase  (two  rings)  Xi  =  1.41  Id 

Two-phase  (four  rings)  I^  =  0.707  Id 

Three-phase  (three  rings)  I^  =  0.948  Id 

Six-phase  (six  rings)  Xe  =  0.471  Id 

Id  =  direct  current  per  main  lead. 

SIX-PHASE  CONVERTERS  ARE  OPERATED  ON  THRES- 
PHASE  systems  usually  by  connecting  the  secondaries  of  the 
transformers  to  the  armature  through  the  rings,  either  DI- 
AMETRALLT  or  in  DOUBLE  DELTA,  as  shown  diagrammatlcaUy 
below. 


Diametral.  Double  delta. 

THE  CURRENTS  FLOWING  IN  THE  ARMATURE  COILS 
are  combinations  of  the  direct  currents  SUPPLIED  TO  the  brushes 
and  the  alternating  currents  SUPPLIED  BY  the  rings.  There  is 
thus  a  motor  effect  and  a  generator  effect  on  the  armature.  In 
a  single-phase  converter  these  effects  alternate  and  tend  to 
make  the  machine  unstable,  but  in  a  polyphase  converter  they 
are  both  continuous. 

THE  CAPACITY  OF  A  POLYPHASE  CONVERTER  is 
greater  than  the  capacity  of  the  same  machine,  based  on  the 
same  heating  effect,  if  operated  as  a  direct-current  generator. 
Since  the  alternating  currents  and  the  direct  currents  in  the 
armature  windings  partly  neutralize  each  other,  the  heating  of 
the  armature  coils  is  less  in  a  converter  than  in  the  same 
machine  run  as  a  direct-current  generator  and  delivering  the 
same  power. 

The  following  table  shows  the  capacities  of  the  same  machine 
operated  with  various  numbers  of  rings,  in  comparison  with  its 
capacity  as  a  direct-current  generator  with  the  same  average 
heating. 
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Relative  CAPAcrry  of  Converters 


• 

D-C. 

gen- 
erator. 

Converters. 

2-ring. 

3-ring. 

4-ring. 

6-ring 
dia- 
metral. 

fr-ring 

double 

delta. 

12-xiDg. 

• 

Relative  output, 
unity  power- 
factor  

87%  power-factor 

100 

•    ■    ■    • 

85 

134 
99 

165 
115 

197 
129 

197 
129 

224 
135 

AT  UNITY  POWER-FACTOR,  THE  TAP  COIL  IS  THE 
HOTTEST  part  of  the  annature  and  the  mid-coil  the  coolest. 

When  the  power-factor  becomes  less  than  unity,  the  hottest 
spot  moves  to  one  side  of  the  tap  coil.  The  average  heating  is 
greatly  increased  for  a  slight  decrease  in'  the  power-factor,  and 
consequently  the  capacity  is  greatly  decreased. 

THE  RATING  OF  SYNCHRONOUS  CONVERTERS,  the 
output  marked  on  the  name  plates,  is  based  upon  the  maximum 
load  which  they  can  deliver  without  exceeding  the  standard 
maximum  temperature  rise  under  standard  conditions  of  test 
Converters  built  for  railway  service  are  usually  rated  so  that 
they  can  deliver  twice  their  normal  load  for  one  minute,  and  one 
and  one-half  normal  load  for  two  hours,  without  exceeding  the 
specified  standard  temperature  rise  and  with  no  serious  sparking 
at  the  brushes. 

THE  REGULATION  OF  A  CONVERTER  is  excellent, 
usually  being  about  2  per  cent  from  no  load  to  full  load  due  to 
the  armature  impedance,  and  only  6  per  cent  when  the  drop  due 
to  the  total  impedance  of  the  line,  transformers  and  armature  is 
considered. 

THE  DIRECT  VOLTAGE  of  a  single-phase  converter  tends 
to  pulsate,  due  to  the  alternate  generator  and  motor  effect  of  the 
current  in  the  windings.  This  pulsation  is  practically  elimi- 
nated when  the  converter  is  operated  as  a  polyphase  machine,  — 
the  more  phases,  the  steadier  the  direct  voltage. 

THE  VOLTAGE  AT  THE  DIRECT-CURRENT  BRUSHES 
may  be  controlled  by: 

(a)  Extra  taps  on  the  transformers.  The  ring-connections 
are  shifted  to  higher  voltage  taps  as  the  brush  voltage  tends  to 
lower. 
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(b)  Induction  regulators,  as  explained  in  Chapter  IV,  Art  63. 

(c)  Synchronous  boosters.  A  small  alternating-current  gen- 
erator is  mounted  on  the  same  shaft.  Its  alternating-current 
terminals  are  connected  in  series  with  the  transformer  second- 
aries across  the  rings.  The  field  coils  are  in  series  with  the 
direct-current  leads  of  the  converter.  The  alternating  e.m.f, 
of  the  booster  is  therefore  proportional  to  the  direct  current 
delivered  by  the  converter. 

(d)  Regulating  or  split  poles,  placed  on  the  converter  frame 
between  the  main  poles.  These  poles  add  to  the  direct  e.m.f . 
and  to  the  alternating  e.m.f.  But  the  alternating  e.m.f.  added 
is  nearly  90''  out  of  phase  with  the  e.m.f .  produced  in  the  arma- 
ture winding  by  the  flux  from  the  main  poles,  and  therefore  the 
resultant  alternating  ejn.f.  is  not  increased  as  much  as  the 
direct  e.m.f.  By  decreasing  the  flux  of  main  poles  sufficiently, 
the  alternating  e.m.f.  may  be  kept  constant,  and  equal  to  the 
impressed  e.m.f.  This  lessening  of  the  flux  of  the  main  poles, 
however,  does  not  decrease  the  direct  e jn.f.  as  much  as  the  flux 
from  the  regulating  poles  increases  it.  Thus  the  direct  voltage 
may  be  raised  or  lowered  20  per  cent  without  changing  the 
alternating  e.m.f. 

(e)  Compound  field  vdndings  with  series  reactance. 

The  series  coils  carry  the  direct  current  delivered  by  the 
converter.  Therefore  as  the  direct-current  load  changes,  the 
field  strength  changes  and  a  corresponding  change  is  produced 
in  the  phase  relations  between  the  alternating  current  and  volt- 
age supplied  to  the  rings.  A  reactance  is  connected  in  series  with 
the  transformer  supplying  the  rings.  The  transformer  voltage 
must  therefore  overcome  the  drop  in  the  reactance  and  the 
induced  counter  e.m.f.  at  the  rings.  When  there  is  a  large 
leading  component  in  the  alternating  current,  the  drop  across 
the  reactance  has  practically  a  180°  phase  relation  to  the  ring 
e.m.f.  and  therefore  a  larger  part  of  the  transformer  voltage  is 
applied  to  rings  than  when  there  is  a  smaller  leading  component 
in  the  current.  Thus  the  voltage  applied  to  the  rings  rises  when 
the  current  has  a  sufficiently  large  leading  component  and  vice 
versa.  The  induced  direct  voltage  rises  accordingly.  This 
scheme  is  practicable  for  producing  a  change  of  from  6  to  10 
per  cent  in  the  induced  direct  voltage;  that  is,  of  producing 
nearly  flat-compounding  for  an  internal  drop  of  from  6  to  10  per 
cent  from  no  load  to  full  load.  The  reactance  is  usually  so 
proportioned  as  to  produce  unity  power-factor  at  average  load 
(generally  |  full  load).    At  all  loads  below  this,  the  power-factor 
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is  la^^ging;  at  all  loads  above,  it  is  leading.  For  practical 
method  of  determining  the  voltage  at  the  direct-current  brushes 
and  the  power-factor  at  various  loads,  see  Art  140.  . 

COMMUTATING  POLES  ARE  OFTEN  USED  ON  CON- 
VERTERS to  increase  the  commutating  facilities.  This 
enables  the  converters  to  run  at  higher  speeds  and  still  commu- 
tate  without  excessive  sparking  at  the  brushes.  This  results  in 
fewer  poles  with  less  weight  and  cost  per  kilowatt  output 

CONVERTERS,  LIKE  SYNCHRONOUS  MOTORS,  ARE 
LIKELY  TO  HUNT  unless  their  pole-faces  are  equipped  with 
squirrel-cage  vdndings,  to  act  as  DAMPERS. 

SYNCHRONOUS  CONVERTERS  CAN  BE  STARTED  in 
the  following  ways: 

(a)  By  means  of  a  small  induction  motor  with  fewer  poles 
than  the  converter,  mounted  on  the  same  shaft. 

(b)  From  the  direct-current  bus-bars,  as  a  direct-current  motor. 

(c)  By  the  induction-motor  effect  between  the  armature  and 
the  squirrel-cage  windings  on  the  poles.  See  detailed  directions 
for  starting  by  this  method  in  Art.  143. 

A  FIELD-BREAK-UP  SWITCH  is  connected  in  the  field 
circuit  so  that  the  field  may  be  opened  at  several  points.  This 
prevents  the  e.m.f.  induced  in  the  field  coils  by  the  rotating 
armature  flux  from  becoming  great  enough  to  puncture  the 
insulation. 

A  BRUSH-RAISING  DEVICE  is  attached  to' a  converter 
having  commutating  poles  to  prevent  the  brushes  (during  the 
process  of  starting)  from  forming  short  circuits  in  those  coils 
j^  immediately  under  the  commutating  poles.  The  alternating 
^  flux  in. the  armature  cuts  these  coils,  and  the  conmiutating  poles 
form  paths  of  low  reluctance.  Therefore  destructively  large 
currents  would  flow  in  these  coils  if  they  were  short-circuited  by 
the  brushes  remaining  on  the  commutator. 

EQUALIZER  CONNECTIONS  join  together  all  armature 
windings  which  occupy  corresponding  positions  under  like  poles, 
so  that  any  equalizing  currents  can  flow  through  these  equalizers, 
rather  than  through  the  brushes,  in  order  to  bring  all  corre- 
sponding points  to  the  same  potentiaL  This  cuts  down  the 
tendency  to  spark  and  to  heat  flie  commutator. 

END-PLAY  DEVICES  are  often  installed  to  give  the  arma- 
ture a  lateral  motion  along  the  shaft,  and  prevent  the  brushes 
from  wearing  grooves  in  the  conmiutator. 

FLASH-OVERS  BETWEEN  BRUSHES  of  opposite  polarity 
may  take  place  when  a  short-circuit  occurs  in  the  direct-current 
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line.  Due  to  the  heated  carbon  vapors  liberated  from  the 
brushes,  the  arc  may  persist  and  damage  the  brush  rigging  and 
conmiutater  unless  the  converter  is  '*  cut-out  **  of  service.  To 
prevent  flash-overs,  resistance  should  be  inserted  in  the  direct- 
current  leads  near  the  converter. 

A  MOTOR-CONVERTER  is  a  concatenated  arrangement  of 
a  low-speed  induction  motor  (with  a  wound  rotor)  mounted  on 
the  same  shaft  with  the  converter.  The  stator  vdndings  of  the 
induction  motor  are  connected  to  the  line.  The  rotor  vdndings 
are  tapped  directly  to  the  armature  vdndings  of  the  converter. 
This  arrangement  has  the  advantage  of  enabling  the  converter 
to  operate  on  a  frequency  of  half  that  of  the  line,  and  results  in 
a  greater  stability. 

A  CONVERTER  IS  SAID  TO  BE  INVERTED  when  it  is 
receiving  direct-current  power  and  delivering  alternating 
current.  This  use  is  sometimes  resorted  to  when  a*  power 
station  is  called  upon  to  deliver  direct-current  power  to  a  local 
district  and  at  the  same  time  to  supply  power  to  distant  con- 
sumers. An  inverted  converter  acts  like  a  shunt  motor.  It  is 
difficult,  therefore,  to  maintain  the  speed  of  the  converter  con- 
stant and  the  frequency  steady.  A  leading  current  strengthens 
the  fields  and  causes  a  decrease  in  the  speed.  A  lagging 
current  may  weaken  the  field  to  such  an  extent  that  the  increase 
in  speed  is  likely  to  burst  the  armature. 

A  SPEED  LIMITING  DEVICE  is  therefore  installed  which 
disconnects  the  converter  from  the  line  as  the  speed  approaches 
the  danger  point. 

CONVERTERS  ARE  OPERATED  IN  PARALLEL  under  the 
same  conditions  as  direct-current  generators.  More  factors, 
however,  enter  in  to  disturb  the  distribution  of  the  load  among 
the  paralleled  machines.  When  converters  are  run  in  parallel  on 
both  the  direct-current  and  the  alternating-current  sides,  each 
transformer  should  take  its  power  from  a  separate  bank  of 
transformers.  The  characteristics  of  the  converters  should  be 
suited  to  the  nature  of  the  load. 

THE  MECHANICAL  STRUCTURE  OF  CONVERTERS  is 
much  lighter  than  that  of  a  motor  or  of  a  generator  handling  tiie 
same  amount  of  power,  because  the  transfer  of  energy  takes 
place  in  the  conductors,  not  having  to  go  through  the  process  of 
being  changed  into  mechanical  energy. 

IN  THE  DOBROWOLSKY  THREE-WIRE  DIRECT-CUR- 
RENT GENERATOR  one  or  more  balancer  coils  of  low  resist- 
ance and  high  reactance  are  connected  diametrally  to  the  anna- 
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ture  windings  fhrotigh  collector-rings.  The  third  wire  is  brought 
to  the  middle  points  of  these  coils  which  are  of  the  same  potential 
as  the  neutral  point  of  the  armature  windings.  The  direct  current 
from  the  neutral  wire  can  flow  tiirough  the  balancer  coils  because 
of  the  low  resistance,  but  the  alternating  ejn.f.  induced  in 
armature  windings  between  the  taps  is  able  to  force  only  a  very 
small  exciting  current  through  the  balancer  coils  on  account  of 
the  high  reactance. 

RECTIFIERS  ARE  USED  TO  CONVERT  small  amounts  of 
alternating-current  power  to  direct-current  power.  The  com- 
mon types  are: 

(a)  The  mercury  arc, 

(b)  The  electrolytic, 

(c)  The  vibrating. 

THE  MERCURY  ARC  RECTIFIER  is  the  most  common 
type,  and  is  used  generally  for  charging  storage  batteries  and 
operating  direct-current  arc  lights.  The  glass  tube  containing 
a  small  amount  of  mercury  is  exhausted  to  a  very  low  pressure. 
The  passage  of  an  electric  spark  through  the  tube  vaporizes 
some  of  the  mercury  and  allows  the  passage  of  a  current  in  one 
direction  only  through  the  tube,  when  an  alternating  voltage  is 
impressed  upon  its  terminals.  Almost  no  reverse  current  will 
flow  as  long  as  a  good  vacuimi  is  maintained.  Thus,  by 
its  use,  a  direct  current  (but  of  a  fluctuating  nature)  may  be 
obtained  from  an  alternating-current  source  of  supply.  The 
voltage  drop  across  the  tubes  is  constant,  being  14  volts  in  one 
type  and  25  volts  in  the  other.  Thus  the  efficiency  depends 
entirely  upon  the  voltage  at  which  the  tubes  are  operating.  The 
efficiency  of  tube  and  transformer  usually  ranges  from  80  per 
cent  to  92  per  cent  The  power-factor  is  about  90  per  cent 
The  regulation  is  excellent  and  the  life  indefinite,  if  run  at  a  low 
temperature.  The  common  glass  tube  has  a  maximum  capacity 
of  80  amperes  and  a  minimum  of  6  amperes.  The  capacity  of 
steel  tubes  runs  as  high  as  800  amperes.  They  can  be  built  to 
run  on  any  voltage  and  be  adapted  to  either  constant-current  or 
constant-voltage  operation. 

ELECTROLYTIC  RECTIFIERS,  commonly  made  by  im- 
mersing plates  of  lead  and  plates  of  aluminum  in  ammoniimi 
sulphate,  are  sometimes  used  to  rectify  small  currents  (as 
high  as  ten  amperes).  The  cell  offers  a  high  resistance  to  tiie 
flow  of  a  current  from  the  aluminum  through  the  electrolyte  to 
the  lead,  but  a  low  resistance  to  the  passage  of  a  ciurent  in  the 
opposite  direction.    The  efficiency  is  about  80  per  cent  when  the 
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temperature  is  below  80°  C.  The  temperature  can  be  kept  low 
if  not  more  than  |  ampere  per  square  inch  of  aluminum  plate 
area  is  rectified. 

IN  A  VIBRATING  RECTIFIER  an  electromagnetic  reversing 
switch  is  operated  by  the  alternating  current,  so  that  it  reverses 
the  alternating-current  connections  to  a  given  pair  of  terminals 
in  synchronism  with  the  altematicms  of  the  e.m.f.  Thus  the 
terminals  are  maintained  always  at  the  same  polarity.  The 
common  type  will  supply  from  three  to  eight  amperes. 

THE  DIRECT  CURRENT  DELIVERED  BY  RECTIFIERS 
DIFFERS  from  that  delivered  by  synchronous  converters 
mainly  in  that  it  always  pulsates  more  or  less,  while  the  current 
from  a  converter  is  always  steady.  Rectifiers  are  therefore  not 
suitable  for  supplying  current  to  inductive  circuits. 


PROBLEMS   ON   CHAPTER  IX 

Prob.  88-0.  The  following  data  are  reported  in  the  Electric 
Journal,  Vol.  IX,  page  609.  In  a  pipe  and  tube  plant  at  Etna,  Pa., 
the  average  power-factor  of  the  load  on  the  generators  was  0.52 
lagging.  A  motor-generator  converter  was  added  having  a  1000- 
kv-a.  synchronous  motor.  When  this  set  is  running  at  full  load 
with  0.209  power-factor  leading,  the  power-factor  of  the  main 
generator  becomes  98  per  cent. 

(a)  What  was  the  total  kilovolt-ampere  output  of  the  generators 
before  the  motor-generator  converter  was  added? 

(6)  What  was  the  effective  power  output  of  the  generator  before 
the  converter  was  added? 

Prob,  89-9.  After  the  motor-generator  converter  of  Prob.  38 
was  added  to  the  plant: 

(o)  What  was  the  apparent  output  (kv-a.)  of  the  generators? 

(6)  What  was  the  effective  power  output  (kw.)  of  the  gener- 
ators? 

Prob.  40-9.  At  an  efficiency  of  82  per  cent  for  the  motor- 
generator  converter  of  Prob.  38,  what  direct-current  power  was 
delivered  by  the  set? 

Prob.  41-9.    The  transformers  in  Fig.   355  are  diametrally 
connected  to  the  six-ring  converter, 
(a)  What  IB  the  voltage  between  adjacent  rings? 
(6)  What  is  the  voltage  ratio  of  the  transformers? 

(c)  Taps  are  brought  out  to  three  auxiliary  bus-bars.  What  is 
the  voltage  between  these  auxiliary  bus-bars  when  the  converter  is 
running? 

(d)  What  is  the  phase-difference  between  the  voltage  of  the 
auxiliary  bus-bars  in  (c)  and  the  secondary  voltage  of  the  trans- 
formers? 

(e)  What  is  the  voltage  of  the  auxiliary  bus-bars  when  the 
switches  a,  b  and  c  are  open?  (From  the  Electric  Journal,  June, 
1911.) 

Prob.  42-9.  (a)  In  Fig.  312,  what  is  the  phase  angle  between 
the  induced  e.m.f.  in  part  aci  of  the  armature  and  the  impressed 
voltage  of  coil  Ci? 

(6)  What  is  the  phase  angle  between  the  induced  e.m.f.  of  oci 
and  the  impressed  voltage  of  coil  Bt? 
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Fio.  355.    Diagram  of  a  converter  connected  diametrally  to  trans- 
formers.   Auxiliary  bus-bars  are  tapped  to  every  other  ring. 

(c)  From  parts  (a)  and  (6)  of  the  problem  determine  the  phase 
angle  between  the  voltage  of  transformer  C  and  transformer  B. 
Does  it  check  with  the  three-phase  relation? 

Prob.  43-9.  Fig.  356  shows  three  transformers  delta-connected 
to  a  three-phase  transmission  line  and  interconnectednstar  to  a  three- 
ring  converter.  This  arrangement  is  common  practice  in  conver- 
sion for  a  three-wire  direct-current  system. 
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If  the  direct  voltage  to  neutral  is  110  volts  at  full  load  and  the 
transformers  have  a  voltage  ratio  of  10  to  1  with  the  secondaries 
in  series,  find : 

(a)  Voltage  between  tapping  points  on  the  converter. 

(h)  Voltage  across  each  secondary  coil  of  the  transformers. 

(c)  Voltage  from  tapping  points  on  converter  to  neutral. 

(d)  Voltage  between  alternating-current  mains. 

S-Pbase  A.C. 


■? 


Fig.  356.  Diagram  of  a  converter  with  the  taps  brought  out  to  the 
transformer  secondaries  which  have  an  interoonnected-star  arrange- 
ment for  the  purpose  of  furnishing  a  neutral  for  the  three-wu^ 
direct-current  system. 

Prob.  44-9.  With  converter  of  Prob.  43  running  at  unity  power- 
factor,  the  efficiency  is  90  per  cent  when  500  amperes  are  being 
delivered  at  the  direct-current  brushes. 

(a)  On  this  balanced  load,  what  power  is  each  transformer 
delivering? 

(6)  What  IB  the  phase  angle  between  the  current  and  the  im- 
pre3sed  voltage  of  each  coil? 

(c)  What  current  flows  in  each  secondary  coil  of  the  transformers? 
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Prob.  4&^.    Ckmnect  to  a  6-ring  converter  the  double-tee  oon- 
.       ,.       ,  .  .    nection  of  transformers  shown  in  Fig. 

UD(JLJ  L^LU  357. 

Prob.  46-9.  A  power  customer  has 
to  make  a  choice  from  the  two  equip- 
ments enumerated  below.  Either  will 
serve  his  purpose  equally.  Data  from 
Elec.  Journal,  Apr.,  1915. 

(I)  Rotary  converter  —  300  kw.,  3- 
phase,  60-cycle,  275  volts,  direct-current, 
compound-wound,  900  r.p.m.,  self-start- 

Transformers  ing  from  a-c.  side  with  three  110  kv-a. 
connected  in  double-tee.  transformers,  2300/170  —  85  volts,  at 
The  percentage  of  turns    from  $4280  to  $4350. 

(II)  Synchronous  motor — 350  kv-a. , 
3-phase,  60-cycle,  2300  volts,  rotating 
field,  direct-connected  to  300  kw.  —  275 
volts,   cbmmutating    pole,    compound- 
wound,  direct-current  generator,  900  r.p.m.  and  direct-connected 
exciter,  at  from  $4650  to  $4895. 


Fig.    357. 


in  each  branch  is  mdi- 
cated  by  the  numbers  on 
the  coils. 


Efficiencies  of  Equipments 


At  percent  load  (kv-a.). . . 
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What  percentage  saving  is  made  on  the  investment  if  equipment 
I  is  chosen? 

Prob.  47-9.  The  load-factor  for  the  equipments  in  Prob.  46 
would  be  about  20  per  cent  and  the  average  load  would  be  50  per 
cent  throughout  250  days  of  9  hours  each.  Cost  of  electrical 
energy  is  1 J  cents  per  kw-hr. 

(a)  Compute  the  yearly  saving  in  power  cost  based  on  average 
load,  if  converter  is  used. 

(6)  What  is  the  yearly  saving  as  a  percentage  of  investment? 

Prob.  48-9.  The  resistance  of  a  converter  line  and  transformers 
is  10  per  cent.  Unity  power-factor  is  desired  at  one-half  load. 
Other  specifications  are  as  in  Example  7.  What  inductive  re- 
actance should  be  used  in  order  to  produce  practically  flat-com- 
pounding from  no  load  to  full  load? 
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254 

1 

.85866 

.50601   768 

10' 

AM 

sin   oot   tan 

006 

sin 

oot   tan 

70"  to  79' 


(704) 


60°  to  69' 


ar  to  37" 

38"  to  45" 

•I* 

flin   COS   tuk   oot 

08* 

88* 

■in   eos 

tan   oot 

88* 

.81604  .86717  .60086  1.0648 

.61666  .78801 

.78129  1.2799 

10' 

.61763   667   483   634 

60' 

10' 

.61796   622 

.78598   723 

60' 

ao' 

.62002   416  .60881   420 

40' 

20' 

.62024   442 

.79070   647 

40' 

80' 

260   264  .6J280   319 

30' 

30' 

251   261 

.79644   672 

80' 

40' 

498  .86112  .61681   212 

20' 

40' 

479  .78079 

.80020   497 

20' 

50' 

746  .84969  .62083   107 

10' 

60' 

706  .77897 

498   423 

10' 

n* 

.62092  .84805  .62487  1.6003 

88" 

8»* 

.82932  .77716 

.80978  1.2349 

81* 

10' 

.63238   650  .62892  1.6900 

60' 

10' 

.63158   631 

.81461   276 

60' 

ao' 

484   495  .63299   798 

40' 

20' 

383   347 

.81946   208 

40' 

30' 

730   839  .63707   697 

30' 

80' 

606  .77162 

.82434   131 

30' 

40' 

.68976   182  .64117   697 

20' 

40' 

.63832  .78977 

.82923  .2059 

20' 

60' 

.64220  .84026   628   497 

10' 

60' 

.64056   791 

.83415  1.1988 

10' 

n* 

.64464  .83867  .64041  1.6399 

§?• 

40* 

.64279  .76004 

.83910  1.1918 

80* 

10' 

708   708  .66356   301 

50' 

10' 

601   417 

.84407   847 

60' 

20' 

.64951   649  .66771   204 

40' 

20' 

723   229 

.84006   778 

40' 

30' 

.65194   389  .66188   108 

30' 

30' 

.64945  .70041 

.85408   708 

30' 

40' 

436   228  .66608  .6013 

20' 

40' 

.65166  .76851 

.85012   640 

20' 

60' 

678  .83066  .67028  1.4919 

10' 

60' 

386   661 

.86419   671 

10' 

U* 

.65919  .82904  .67461  1.4828 

88* 

41* 

.65606  .76471 

.86929  1.1604 

48* 

10' 

.66160   741  .67876   733 

50' 

10' 

.65825   280 

.87441   436 

50' 

ao' 

401   677  .68301   641 

40' 

20' 

.66044  .76088 

.87955   369 

40' 

80' 

641   413  .68728   650 

30' 

30' 

262  .74896 

.88473   803 

30' 

40' 

.66880   248  .60157   460 

20' 

40' 

480   703 

.88992   237 

20' 

fiO' 

.67119  .82062  .69588   370 

10' 

60' 

697   609 

.89616   171 

10' 

88" 

.67368  .81915  .70021  1.4281 

66* 

4a* 

.66913  .74314 

.90040  1.1100 

48* 

10' 

606   748   465   193 

50' 

10' 

.67129  .74120 

.90580  1.1041 

50' 

20' 

.67833   680  .70891   106 

40' 

20' 

344  .73924 

.91099  1.0977 

40' 

80' 

.68070   412  .71329  .4019 

30' 

30' 

659   728 

.91633   913 

30' 

40' 

807   242  .71709  1.8934 

20' 

40' 

773   631 

.92170   860 

20' 

60' 

643  .81072  .72211   848 

10' 

60' 

.67987   333 

.92709   786 

10' 

88* 

.68779  .80902  .72654  1.3764 

64* 

48* 

.68200  .73136 

.98252  1.0724 

47* 

10' 

.69014   730  .73100   680 

50' 

10' 

412  .72937 

.93707   661 

60' 

20' 

248   658   547   597 

40' 

20' 

624   737 

.94346   599 

40' 

80' 

482   386  .73996   614 

30' 

80' 

.68836   637 

.94898   638 

30' 

40' 

716   212  .74447   432 

20- 

40' 

.69046   337 

.96461   477 

20' 

60' 

.69949  .80038  .74900   351 

10' 

60' 

256  .72136 

.96006   416 

10' 

87- 

.60182  .79864  .75855  1.3270 

68* 

44* 

.89466  .71934 

.96569  1.0355 

48* 

10' 

414   688  .75812   190 

60' 

10' 

676   732 

.97133   296 

60' 

20* 

646   512  .76272   111 

40' 

20' 

.69883   629 

.97700   235 

40' 

80' 

.60876   335  .76733  .8082 

30' 

30' 

.70091   325 

.98270   176 

80' 

40' 

.61107  .79168  .77190  1.2954 

20' 

40' 

298  .71121 

.98843   117 

20' 

60* 

837  .78980  .77661   876 

10' 

60' 

606  .70016 

.99420   068 

10* 

46* 

.70711  .70711  1.00000  1.0000 

48* 

008   ain   oot   tan 

006   sin 

oot   tan 

68°  to  69° 

46°  to  62° 

(705) 


Tablb  n 

1  cu.  ft.  of  water  weighs  62.5  lb. 

1  horse  power  =  33,000  ft.  lb.  per  minute. 

1  kilowatt  =1.34  horse  power. 

1  B.t.u.  =  780  ft.  lb. 

1  cu.  in.  of  copper  weighs  0.3195  lb. 

1  cu.  in.  of  aluminum  weighs  0.0963  lb. 

1  cu.  ft.  ^Mk^Qijanl*"^*^*"'^*®  ^^  weighs  approx.  |  ^  „  * 

1  cu.  ft.  of  1^  ,      { bituminous  coal  weighs  approx.  La  »  ' 

1  barrel  of  crude  oil  a  41  gal.  a  310  lb. 

1  ton  »  2000  lb. 

Resistance  per  mil-foot  of  copper  at  20^  C.  .    .    10.371  ohms.* 

Temferatxtre  Coefficients  of  Resistance* 


Ato^C. 

Atacc. 

Commercial  Copper 

Commercial  Aluminum    .... 

0.00427 

•         •         • 

0.00393 
0.0039 

*  Circular  of  theBureau  cj  Standard8t  No.  31. 
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Table  I 


PROPERTIES  OF  ANNEALED  COPPER  WIRE 


B.&S.> 

Area  in 
oiro. 

mils. 

Diametei 

d 

'  in  mils. 

Number 
of  strands 

Hes&Btanoe 

per  mile  at 

20*  Cor 

Weight  per  mile 

in  pounds 

(approi.). 

gago. 

in  cable. 

es'P. 

SoUd. 

Stranded. 

(approt). 

SoUd. 

Stranded. 

14 

4,107 

64.05 

73 

7 

13.3 

65.6 

70 

12 

6,530 

80.81 

92 

7 

8.40 

104 

108 

10 

10,380 

101.9 

116 

7 

5.27 

166 

172 

8 

16,510 

128.5 

146 

7 

3.31 

264 

260 

6 

26,250 

162.0 

184 

7 

2.08 

420 

428 

5 

33,100 

181.9 

206 

7 

1.65 

530 

544 

4 

41,740 

204.3 

232 

7 

1.31 

667 

682 

3 

52,630 

229.4 

260 

7 

1.04 

841 

866 

2 

66,370 

257.6 

292 

7 

0.824 

1062 

1,087 

1 

83,690 

289.3 

333 

7 

0.656 

1337 

1,368 

0 

105,540 

324.9 

375 

7 

0.518 

1687 

1,730 

00 

133,080 

364.8 

419 

7 

0.412 

2127 

2,190 

000 

167,810 

409.6 

470 

7 

0.328 

2682 

2,740 

0000 

211,600 

460.0 

528 

19 

0.259 

3381 

3,470 

250,000 

500.0 

575 

19 

0.217 

.  • . . 

4,090 

300,000 

547.7 

630 

19 

0.185 

4,890 

350,000 

591.6 

681 

19 

0.159 

5.740 

400,000 

632.5 

729 

37 

0.137 

6,570 

450,000 

670.8 

773 

37 

0.122 

7,470 

500,000 

707.1 

815 

37 

0.111 

8,210 

650,000 

741.6 

855 

37 

0.100 

9,020 

600,000 

774.6 

893 

37 

0.0898 

9,850 

650,000 

806.2 

929 

37 

0.0845 

10,660 

700,000 

836.7 

964 

37 

0.0793 

11,480 

750,000 

866.0 

998 

61 

0.0739 

12,320 

800,000 

894.4 

1031 

61 

0.0687 

13,130 

900,000 

948.7 

1093 

61 

0.0633 

14,850 

1,000,000 

1000 

1151 

61 

0.0528 

16,420 

1,250,000 

1118 

1289 

61 

0.0438 

20,300 

1,500,000 

1225 

1413 

91 

0.0304 

24,600 

1,750,000 

1323 

1526 

91 

0.0311 

1  •  • « 

28,700 

2,000,000 

1414 

1631 

127 

0.0275 

1111 

32,800 

(707) 
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ALT^RNATINQ-CVRRENT  ELECTRICITY 


TABLE  II 

Profertdbs  of  Alubanum  Wire 

Aluminum  Cables 

The  commercial  sizes  of  stranded  aluminum  cables,  made  by  the 
Aluminum  Company  of  America,  are  not  even  circular  mil  and 
B.  &  S.  sizes,  but  are  of  such  cross  sections  as  to  give  the  same 
conductivity  as  even  circular  mil  and  B.  &  S.  sizes  of  copper  cables 
of  97  per  cent  conductivity.  In  the  following  table  the  first  four 
columns  are  taken  from  a  pamphlet  entitled  ''  Instructions  for  In- 
stallation and  Maintenance  of  Aluminum  Electrical  Conductors/' 
issued  by  the  Aluminum  Company  of  America  in  1914. 

(American  Huidbook  for  Eleoiricf&I  Ensineera) 


B.  ft  S.  gage  or 
circular  oiulfl. 


Oopper  (97 

percent) 

equivaleot. 


6 
5 
4 
3 


1 

0 

00 

000 

0000 

250,000 
300,000 
350,000 
400,000 
450,000 


Aluminum 
01  per  cent. 


41,740 
52,630 
66,370 
83,640 
105,530 

133,220 
167,800 
211,950 
266,800 
336,420 

397,500 
477,000 
556,500 
636,000 
716,500 


500,000^  795,000 
.550,000  874,500 
600,000  954,000 
650,000  1,033,500 
700,000  1,113,000 


750,000 
800,000 
850,000 
900,000 
950,000 
1,000,000 


1,192,500 
1,272,000 
1,351,500 
1,431,000 
1,515,000 
1,690,000 


Usual 
num- 
ber of 
strands. 


7 
7 
7 
7 
7 

7 
7 
7 
7 
7 

19 
19 
19 
37 
37 

37 
37 
37 
37 
37 

37 
61 
61 
61 
61 
61 


Diam- 
eter of 
bare 
cable, 
inchee. 


Chms  per  mile  at 
ao*C.or«8»F. 


Solid. 


2.147 
1.703 
1.350 
1.071 
0.8486 

0.6720 
0.6342 
0.4229 
0.3360 
0.2667 

0.2263 
0.1879 
0.1611 
0.1409 
0.1254 

0.1127 


Stranded. 


2.194 
1.740 
1.380 
1.094 
0.868 

0.689 
0.546 
0.433 
0.343 
0.272 

0.2306 
0.1921 
0.1645 
0.1440 
0.1280 

0.1162 
0.1048 
0.0959 
0.0886 
0.0823 

0.0768 
0.0720 
0.0678 
0.0640 
0.0607 
0.0577 


Weight  in  pounds 
per  mile. 


Solid. 


200 
253 
319 
402 
507 

640 

805 

1017 

1281 

1617 

1907 
2290 
2670 
3050 
3440 

3820 


Stranded. 


203.3 
256.1 
323.1 
406.6 
513.  a 

647.3 
818.4 

1030 

1297 

1638 

1927 
2318 
2703 
3089 
3474 

3865 
4250 
4631 
5016 
6412 

6797 
6189 
6563 
6964 
7356 
7719 
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TABLE  III 

(From  American  Handbook  (or  Bllectrical  Engin«era) 

60-Ctgle  Rbactance  of  Soud  Non-magnetic  Wires* 

Ohms  per  Mile  of  Each  Wire  of  a  Single-phase  or  of  a  Symmetrical 

Three-phase  Line 


Size  of 
wire, 

Diam.  of 

Inohes.between  wires,  center  to  center. 

tax.  raib. 
or  A.W.G. 

inches. 

1 

3 

6 

9 

12 

18 

24 

30 

1,000,000 

1.0000 

0.114! 

\  0.2478 

0.3319 

0.3811 

0.4158 

0.4662 

0.5003 

0.5270 

760,000 

0.8660 

O.ISK 

)  0.2652 

0.3403 

0.3985 

0.4336 

0.4826 

0.51/6 

0.5448 

500,000 

6.7071 

0.156J 

»   0.2896 

0.8739 

0.4230 

0.4581 

0.5074 

0.5421 

0.5603 

350,000 

0.5916 

0.178S 

(   0.3115 

0.3965 

0.4449 

0.4795 

0.5280 

0.5640 

0.5008 

250.000 

0.5000 

0.198< 

i   0.3319 

0.4158 

0.4652 

0.5003 

0.6493 

0.5844 

0.6115 

0000 

0.4600 

0.2082 

r  0.3420 

0.4260 

0.4754 

0.5101 

0.5595 

0.5945 

0.6213 

000 

0.4096 

0.222C 

\  0.3561 

0.4403 

0.4893 

0.5244 

0.5734 

0.6065 

0.6356 

00 

0.3648 

0.236( 

)  0.3701 

0.4543 

0.5033 

0.5384 

0.5877 

0.6224 

0.6496 

0 

0.3249 

0.260C 

1   0.3842 

0.4682 

0.5176 

0.&523 

0.6017 

0.6364 

0.6635 

I 

0.2883 

0.265C 

\  0.3985 

0.4826 

0.5316 

0.5666 

0.6156 

0.6507 

0.6778 

2 

0.2576 

0.2791 

0.4124 

0.4965 

0.5465 

0.5806 

0.6300 

0.6647 

0.6918 

4 

0.2043 

0.3072 

!   0.4403 

0.5248 

0.5738 

0.6099 

0.6579 

0.6829 

0.7201 

6 

0.1620 

0.3359 

1   0.4686 

0.5527 

0.6021 

0.6368 

0.6861 

0.7208 

0.7480 

8 

0.1285 

0.363J 

>   0.4969 

0.5810 

0.6600 

0.6650 

0.7140 

0.7491 

0.7762 

10 

0.1019 

0.3917 

'  0.5248 

0.6089 

0.6882 

0.6033 

0.7423 

0.7774 

0.8045 

12 

0.06061 

0.4196 

>  0.5531 

0.6371 

0.6865 

0.7212 

0.7706 

0.8053 

0.8324 

14 

0.06408 

0.447t 

»  0.5813 

0.6654 

0.7144 

0.7495 

0.7985 

0.8335 

0.8607 

16 

0.05062 

0.4762 

0.6092 

0.6988 

0.7427 

0.7774 

0.8268 

0.8618 

0.8886 

Siieof 

wire, 

cir.  mils. 

Feet  between  wires,  center  to  center. 

1 

or  A.W.G. 

S 

4 

5 

6 

8 

10 

15 

20 

25 

1,000.000 

0.5493 

0.5844 

0.6115 

0.6334 

0.6684 

0.6956 

0.7446 

0.7796 

0.80n8 

750.000 

0.5666 

0.6017 

0.6288 

0.6507 

06858 
0./I88" 

_0.7129 

0.7619 

0.7970 

0.8241 

500.000 

0.6915 

0.6M2 

0.6533  j  0.6i756 

0.7374 

0.7868 

0.8215 

0.8486 

350.000 

0  6130 

0.6481 

0.6752 

0.6071 

0.7321 

0.7593 

0.8063 

0.8433 

0.8705 

250.000 

0.6334 

0.6684 

0.0956 

0.7174 

0.7525 

0.7796 

0.8286 

0.8637 

0.8909 

ouou 

0.6435 

0.6780 

0.7057 

0.7270 

0.7627 

0.7898 

0.a388 

0.8739 

0.9010 

000 

0.6576 

0.6025 

0.7196 

0.7416 

0.7766 

0.8038 

0.8528 

0.8878 

0.0150 

00 

0.6718 

0.7066 

0.7336 

0.7550 

0.7906 

0.8177 

0.8671 

0.9018 

0.9289 

0 

0.6858 

0.7204 

0.7476 

0.7698 

0..8049 

0.8317 

0.8810 

0.9161 

0.9429 

I 

0.6997 

0.7348 

0.7619 

0.7838 

08188 

0  8460 

0.8950 

0.9801 

0.9572 

2 

0.7140 

0.7487 

0.7759 

0.7981 

0  8328 

0.8599 

0.9093 

0.9440 

0.9712 

4 

0.7410 

0.7770 

0.8041 

0.8260 

0.8611 

08882 

0.9372 

0.9723 

0.9994 

6 

0.7702 

0.8049 

0.8320 

0.85«3 

0.8893 

0.9161 

0.0655 

1.001 

1.027 

8 

07965 

0.8332 

0.8603 

0.8826 

0.9172 

0.9444 

0  9938 

1.028 

1.056 

10 

0.8264 

0.8614 

0.8880 

0.9106 

0.9455 

0.9727 

1.022 

1.057 

1.084 

12 

0.8547 

0.8893 

0.91(5 

0.9387 

0.9734 

1.001 

1.050 

1.065 

1.112 

14 

0.8826 

0.9176 

0.0448 

0.9670 

1.002 

1.029 

1.078 

1.113 

1.140 

16 

0.9106 

0.9459 

0.0730 

0.9049 

1  030 

1057 

1.106 

1.141 

1.168 

*  The  reactances  given  in  this  table  alao  apply,  with  a  practically  iiecUsible.iern>r,  to 

ordinary  stianded  wires  ol  the  same  crMt-teUwn, 

25 
For  25K)ycle  reactance  multiply  values  in  table  by  ^x  or  0.417. 
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ALTERNATING-CURRENT  ELECTRICITY 


TABLE  IV 

(AmericaD  Handbook  for  Electrical  Enginaers) 

Capacitance  to  Neutral*  of  Smooth  Round  Wires 

•Microfarads  per  Mile  of  Each  Wire  of  a  Single-phase  or  of  a 

Symmetrical  Three-phase  Line 


SiMot 

wire, 
A.W.G. 

Diam. 
of  wire, 
inchee. 

Inches  between  wiree,  center  to  center. 

1 

3 

6 

9 

12 

18 

24 

30 

0000 

0.4600 

0.06332 

0.03490 

0.02741 

0.02438 

0.02261 

0.03061 

• 
0.01924 

0.01836 

000 

0.4006 

0.05802 

0.03336 

0.02647 

0.02364 

0.02197 

0.01998 

0.01877 

0.01793 

00 

0.3648 

0.05366 

0.03198 

0.02559 

0.02293 

0.02136 

0.01947 

0.01832 

0.01752 

0 

0.3249 

0.04995 

0.03069 

0.02477 

0.02227 

0.02078 

0.01899 

0.01790 

0.01713 

I 

0.2883 

0.04676 

0.02951 

0.02400 

0.02165 

0.02024 

0018S4 

0.01749 

0.01676 

2 

0.2576 

0.04400 

0.02842 

0.02328 

0.02106 

0.01972 

0.01810 

0.01710 

0.01640 

4 

0.2043 

0.03937 

0.02645 

0.02195 

0.ei997 

0.01876 

0.01729 

0.01638 

0.01573 

6 

0.1620 

0.03506 

0.02475 

0.02077 

0.01898 

0.01789 

0.01655 

0.01571 

0.01512 

8 

0.1285 

0.03262 

0.02326 

0.01971 

0.01809 

0.01710 

0.01687 

0.01510 

0.01455 

10 

0.1019 

0.03006 

0.02194 

0.01875 

0.01728 

0.01637 

0.01624 

0.01453 

0.01402 

12 

0.08081 

0.02787 

0.02076 

0.01788 

0.01654 

0.01570 

0.01466 

0.01400 

0  01353 

14 

0.06408 

0.02o99 

0.01970 

0.01709 

0.01586 

0.01509 

001412 

0.01351 

0.01307 

16 

0.05082 

0.02434 

0.01874 

0.01636 

0.01523 

0.01«52 

0  01382 

0.01305 

0.01264 

Size  of 

wire, 

A.W.G. 

Feetl 

between 

wires,  center  to  center. 

3 

4 

5 

6 

8 

10 

15 

20 

25 

0000 

0.01769 

0.01674 

0.01607 

0.01556 

0.01482 

0.01429 

0.01342 

0.01286 

0.01246 

000 

0.01730 

0.01639 

0.01574 

0.01525 

0.01454 

0.01403 

0.01319 

0.01265 

0.01227 

00 
0 

0.01692 
0.01666 

0.01604 
0  01572 

0.01543 
0.01512 

0.01496 
0.01467 

0.01427 
0.01401 

0.01878 
0.01354 

0.01297 
0.01275 

0.01245 
0.01225 

0.01207 
0.01189 

1 

0.01621 

0.01540 

0.01483 

0.01440 

0.01376 

0.01330 

0.01255 

0.01206 

0.01171 

2 

0.01587 

0.01510 

0.01455 

0.01413 

0.01352 

0.01308 

0.01235 

0.01187 

0.01153 

4 

0.01525 

0.01453 

0.01402 

0.01363 

0.01306 

0.01265 

0.01196 

0.01152 

0.01120 

6 

0.01467 

0.01400 

0.01353 

0.01317 

0.01263 

0.01225 

0.01160 

0.01118 

0.01068 

8 

0.01413 

0.01351    0.01307 

0.01273 

0.01223 

0.01187 

0.01126 

0.01067 

0.01058 

10 

0.01363 

0.01306 

0.01264 

0.01233 

0.01186 

0.01152 

0.01094 

^.01067 
>.01029 

0.01030 

12 

0.01316 

0.01263 

0.01224 

'0.01194 

0.01150 

0.01118 

0.01064 

0.01003 

14 

0.01273 

0.01223 

0.01187 

0.01159 

0.01117 

0.01087 

0.01036 

0.01002 

0.009777 

16 

0.01232 

0.01185   0.01151 

1 

0.01125 

0.01085 

0.01057 

0.01008 

0.000''68 

0.009536 

*  The  capacitance  between  wires  equals  one-half  the  values  given  in  tbia  table. 
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TABLE  V 
6Q-CYCLE  Charging  Current  in  Line  of  Smooth  Round  Wires 

(Adapted  from  American  Handbook  for  Electrical  Engineers) 

Charging  current  on  each  line  wire,  in  amperes  per  mile  =  {current  from 


table)  X 


(volts  to  neutral) 


1,000,000 

Amperes  in  Each  Wire  of  Line  One  Mile  Long,  for  Each  1,000,000 

Volts  to  Neutral 


Size  of 

* 

Diam. 
of  wire, 
inches. 

Inches  between  wires,  center  to  center. 

A.W.G. 

1 

3 

6 

0 

12 

18 

24 

30 

0000 

0.4600 

23.87 

13.16 

10.33 

0.101 

8.524 

7.732 

7.253 

6.022 

000 

0.4006 

21.87 

12.58 

0.070 

8.012 

8.283 

7.532 

7.076 

6.760 

00 

0.3648 

20.23 

12.06 

0.647 

8.645 

8.053 

7.340 

6.007 

6.605 

0 

0.3240 

18.83 

11.57 

0.338 

8.806 

7.834 

7.150 

6.748 

6.458 

1 

0.2803 

17.63 

11.13 

0.048 

8.162 

7.630 

6.000 

6.504 

6.310 

2 

0.2576 

16.50 

10.71 

8.777 

7.040 

7.434 

6.824 

6.447 

6.183 

4 

0.2043 

14.84 

0.072 

8.275 

7.520 

7.073 

6.518 

6.175 

5.030 

6 

0.1620 

13.44 

0.331 

7.830 

7.155 

6.745 

6.230 

5.023 

5.700 

8 

0.1285 

12.30 

8.760 

7.430 

6.820 

6.447 

6.083 

5.603 

5.486 

10 

O.IOIO 

11.33 

8.271 

7.060 

6.515 

6.171 

5.745 

5.478 

5.286 

12 

0.08081 

10.51 

7.827 

6.741 

6.236 

6.010 

5.527 

5.278 

5.101 

14 

0.06406 

0.708 

7.427 

6.443 

5.070 

5.680 

5.323 

5.003 

4.027 

16 

0.05082 

0.176 

7.065 

6.168 

5.742 

5.474 

5.135 

4.020 

4.765 

Siseof 

• 

Feetl 

between 

wires,  cei 

Iter  tc  ce 

inter 

wire. 
A.W.G. 

3 

4 

5 

6 

8 

10 

15 

20 

25 

OOOO 

6.660 

6.311 

6.058 

5.866 

5.587 

5.387 

6.060 

4«cHo 

4.607 

000 

6.522 

6.170 

6.034 

5.740 

5.482 

6.280 

4.073 

4.760 

4.626 

00 

6.370 

6.047 

5.817 

5.640 

5.380 

5.105 

4.800 

4.604 

4.550 

0 

6.243 

5.026 

6.700 

5.531 

5.282 

5.106 

4.807 

4.618 

4.483 

1 

6.111 

5.806 

5.501 

5.420 

5.188 

5.014 

4.731 

4.547 

4.415 

2 

5.063 

5.603 

5.485 

5.327 

5.007 

4.031 

4.656 

4.475 

4.347 

4 

5.740 

5.478 

5.286 

5.130 

4.024 

4.760 

4.600 

4.843 

4.222 

6 

5.531 

5.278 

5.101 

4.065 

4.762 

4.618 

4.373 

4.215 

4.102 

8 

5.327 

5.003 

4.027 

4.700 

4.611 

4.475 

4.245 

4.008 

3.080 

10 

5.130 

4.024 

4.765 

4.648 

4.471 

4.343 

4.124 

3.085 

3.883 

12 

4.061 

4.762 

4.614 

4.501 

4.336 

4.215 

4.011 

3.870 

3.781 

14 

4.700 

4.611 

4.475 

4.860 

4.211 

4.008 

3.006 

3.778 

3.686 

16 

4.645 

4.467 

4.330 

4.241 

4.000 

3.085 

3.800 

3.683 

3.505 

25 


For  25  cycles  the  charging  current  equals  gg  or  0.417  of  the  values  in  thia  table. 
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TABLE  VI 
Capacxtancb  to  Neutral*  of  Standard  Strands 

(American  Handbook  for  Electrical  EngineerB) 

Microfarads  per  Mile  of  each  Conductor  of  a  Single-phase  or  of  a 

Symmetrical  Three-phase  Line 


Siieof 

cable, 

CM.  or 

A.W.G. 

Diain. 

of  strand, 

inches. 

Inches  between  conductors,  center  to  center. 

1 

3 

6 

9 

12 

18 

24 

80 

1,000,000 

1.152 

0.0554 

0.0383 

0.0325 

0.0294 

0.0260 

0.0240 

0.0226 

750,000 

0.906 

0.0606 

0.0361 

0.0309 

0.0281 

0.0249 

0.0231 

0.0218 

500.000 

0.814 

0.134 

0.0452 

0.0333 

0.0280 

0.0264 

0.0236 

0.0219 

0.02QB 

350.000 

0.681 

0.0955 

0.0413 

0.0312 

0.0273 

0.0251 

0.0225 

0.0210 

o.oaoo 

250.000 

0.575 

0.0776 

0.0383 

00295 

0.0260 

0.0240 

0.0216 

0.0203 

0.0192 

0000 

0.528 

0.0713 

0.0369 

0.0286 

0.0253 

0.0234 

0.0212 

0.0198 

0.0180 

000 

0.470 

0.0644 

0.0352 

0.0276 

0.0245 

0.0227 

0.0206 

0  0193 

0.0184 

00 

0.418 

0.0690 

00336 

0.0266 

0.0238 

0.0221 

0.0201 

0.0189 

0.0180 

0 

0.373 

0.0544 

0.0322 

0.0258 

0.0231 

0.0214 

0.0196 

0.0184 

0.0176 

1 

0.332 

0.0606 

0.0309 

0  0249 

0.0224 

0.0209 

0.0191 

0.0180 

0.0172 

2 

0.292 

0.0470 

0.0296 

0.0241 

0.0217 

0.0203 

0  0186 

0.0175 

0.0168 

4 

0.232 

0.0417 

0.0275 

0.0227 

0.0205 

0.0193 

0.0177 

0.0168 

0.0161 

6 

0.184 

0.0376 

0.0256 

0.0214 

0.0195 

0.0184 

0.0169 

0.0161 

0.0154 

Siseof 

Fe 

etbetwei 

»n  condu 

ctors,  center  to  center. 

cable. 

1 

CM.  or 

A.W.G. 

3 

4 

5 

6 

8 

10 

15 

20 

25 

1.000,000 

0.0216 

0.0202 

0.0193 

0.0185 

0.0175 

0.0168 

0.0156 

0.0148 

0.0143 

750.000 

0.0009 

0.0196 

0.0187 

0.0180 

0.0*70 

0.0163 

0.0152 

0.0145 

0.0140 

500.000 

0.0200 

0.0188 

0.0179 

0.0173 

0.0164 

0.0157 

0.0147 

0.0140 

0.0135 

350.000 

0.0192 

0.0181 

0.0173 

0.0167 

0.0159 

0.0153 

0.0143 

0.0136 

0.0132 

250,000 

0.0185 

0.0175 

0.0168 

0.0162 

0.0154 

0.0148 

0.0189 

0.0133 

0.0120 

0000 

0.0182 

0.0172 

0.0165 

0.0160 

0.0152 

0.0146 

0.0187 

0.0131 

0.0127 

000 

0.0178 

0.0168 

0.0161 

0.0156 

0.0149 

0.0143 

0  0135 

0.0129 

0.0125 

00 

0.0174 

0.0165 

0.0158 

0.0153 

0.0146 

00141 

0.0132 

0.0127 

0.0123 

0 

0.0170 

0.0161 

0.0155 

0.0160 

0.0143 

0.0138 

0.0130 

0.0125 

0.0121 

1 

0.0166 

0.0158 

0.0152 

0.0147 

0.0141 

0.0136 

0.0128 

0.0123 

0.0119 

2 

0.0162 

0.0154 

0.0149 

0.0144 

0.0138 

0.0133 

0.0126 

0.0121 

0.0117 

4 

0.0156 

0.0148 

0.0143 

0.0139 

0.0135 

0.0129 

0.0122 

0.0117 

0.0U4 

6 

0.0150 

0.0143 

0.0138 

0.0134 

0.0129 

0.0125 

0.0118 

0.0114 

0.0111 

*  The  c^wdtance  between  conductors  equals  one-half  the  values  given  in  this  table. 
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TABLE  VII 
60-Ctclb  Charoino  Cubrbnt  in  Line  or  Standard  Strands 

(Adapted  from  Amerioan  Handbook  for  Electrical  Eng;iiieeTa> 
Charging  current  on  each  line  wire,  in  amperes  per  mile  »  (cwrreni  from 


table)  X 


(volts  to  neutral) 


1,000,000 

Approximate  Amperes  in  Each  Wire  of  One-mile  Line  for  Each 

1,000,000  volts  to  neutral 


'    SiMof 
i    cable, 
CM.  or 
!   A.W.G. 


1.000,000 

,  750,000 

500,000 

350,000 

250,000 

0000 

000 

00 

0 

1 

2 
4 
6 


Diam. 

of  strand, 

inches. 


1.152 
0.906 
0.814 
0.681 
0.575 
0.528 
0.470 
0.418 
0.373 
0.332 
0.202 
0.232 
0.184 


Inches  between  cables,  center  to  center. 


50.5 
35.0 
29.3 
20.9 
24.3 
22.2 
20.5 
19.1 
17.7 
15.7 
14.2 


3 

6 

9 

12 

18 

24 

20.9 

14.4 

12.3 

11.1 

9.80 

9.05 

19.1 

13.6 

11.6 

10.6 

9.39 

8.71 

17.0 

12.6 

10.9 

9.95 

8.90 

8.26 

15.6 

11.8 

10.3 

9.46 

8.48 

7.92 

14.4 

11.1 

9.80 

9.05 

8.14 

7.62 

13.9 

10.8 

9.54 

8.82 

7.09 

7.46 

13.3 

10.4 

9.34 

8.56 

7.77 

7.28 

12.7 

10.0 

8.97 

8.33 

7.58 

7.18 

12.1 

9.73 

8.71 

8.07 

7.89 

6.94 

11.6 

9.39 

8.44 

7.88 

7.20 

6.79 

11.2 

9.09 

8.18 

7.65 

7.01 

6.60 

10.4 

8.56 

7.73 

7.28 

6.67 

6.33 

9.65 

8.07 

7.35 

6.04 

6.87 

6.07 

30 


8.52 
8.23 
7.84 
7.54 
7.24 
7.18 
6.04 
6.79 
6.63 
6.48 
6.83 
6.07 
5.81 


Size  of 

cable, 

CM.  or 

A.W.G. 


1,000,000 

750.000 

500,000 

350,000 

250,000 

0000 

000 

00 

0 

1 

2 
4 

6 


Feet  between  cables,  center  to  center. 


8.14 
7.88 
7.54 
7.24 
6.97 
6.86 
6.71 
6.56 
6.40 
6.26 
6.11 
6.88 
5.66 


7.63 
7.39 
7.09 
6.82 
6.60 
6.48 
6.33 
6.22 
6.07 
5.96 
5.81 
5.58 
5.39 


7.28 
7.05 
6.75 
6.52 
6.33 
6.22 
6.07 
5.96 
5.84 
5.73 
5.62 
5.39 
5.20 


6.97 
6.79 
6.52 
6.30 
6.11 
6.03 
5.88 
5.77 
5.66 
5.54 
5.43 
5.24 
5.05 


8 


6.60 
6.41 
6.18 
5.99 
5.81 
5.73 
5.62 
5.50 
5.39 
5.83 
5.20 
5.01 
4.86 


10 


6.33 
6.15 
5.92 
5.77 
5.58 
5.50 
6.89 
5.32 
6.20 
6.13 
5.01 
4.86 
4.71 


15 


5.88 
5.73 
5.54 
5.39 
5.24 
6.16 
5.09 
4.98 
4.90 
4.88 
4.75 
4.60 
4.45 


30 


58 

47 
28 
13 
01 
4.94 
4.86 
4.79 
4.71 
4.64 
4.56 
4.41 
4.30 


35 


5.89 
5.38 
5.09 
4.96 
4.86 
4.79 
4.71 
4.64 
4.56 
4.49 
4.41 
4.30 
4.18 


25 
For  36  cycles  the  charpng  current  equals  =g  or  0.417  of  the  values  in  this  table. 
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ALTERNATING-CURRENT  ELECTRICITY 


TABLE  VIII 

Hemp-Center  Copper  Cable  * 

Made  of  6  wires  around  a  hemp  center 

(The  Amencan  Brass  Co.) 


1 

Siie  of  cable. 

Outflid*  diameter. 

A.W.G. 

inch. 

inch. 

0000 

0.1879 

0.564 

000 

0.1672 

0.502 

00 

0.1489 

0.447 

0 

0.1326 

0.398 

1 

0.1181 

0.354 

2 

0.1052 

0.316 

3 

0.0937 

0.281 

4 

0.0835 

0.250 

*  Standard  Handbook  (or  Electrical  EDgineerB. 
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Curve  /,  Appendix  B.     Spacing  of  conductors  for  spans  up  to  200  ft. 
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INDEX  TO  SECOND  COUKSE 


Aging  of  transformer  steel,  147 
Air-blast  type  of  transformer,  123 
Air-gap,    effect    of    in    induction 

motor,  481 
Alternators,   advantage    of    high 
efficiency  in,  9 
armature  reaction,  24,  28 
calculation  of  regulation,  45 
causes  of  unsteady  voltage,  23 
effect  of  armature  reactance  on 

terminal  voltage  of,  25 
effect  of  loading,  2 
effect  of  load  on  voltage  of,  19 
effects  of  unsteady  voltage,  22 
excitation  of,  54 
features  of,  a  buyer  should  con- 
sider, 1 
heating,  2 

load  capacity  of,  55 
losses  in  typical,  11 
performance  of,  1 
regulation  and  control  of,  1 
relation   of   load   to   efficiency 

of,  10 
short  circuits  in,  58 
synchronous  impedance,  43 
synchronous  reactance,  43 
tests  of  efficiency  of  typical,  18 
usual    values    of    power-factor 

of,  20 
voltage  regulation  of,  19 
Alternators,    paralleled,     leading 

currents  in,  110 
Alternators,  polyphase,  armature 
reaction  in,  40 


Alternators  in  parallel,  72 
disconnecting  from  bus-bars,  108 
distribution  of  load,  98,  102 
frequency,  control  of,  107 
governing  speed  of,  102 
phantom  load,  87 
power-factor  of,  105 
sharing  of  load,  74 
similar  to  direct-current  gener- 
ators in  parallel,  73 
synchronizing  currents,  87 
synchronizing  of,  78 
synchronizing  power,  92 
voltage,  control  of,  107 
Aluminum-cell  lightning  arrester, 

409 
Aluminum-cell  rectifier,  685 
Armature  current  of  synchronous 

motor,  542 
Armature  reactance,  effect  of  on 

r^ulation  of  alternator,  25 
Armature  reaction,  28 
Armature  reaction,  effect  on  main 

field,  26 
Armature  reaction  in  alternators, 

24 
Armature  reaction  in  polyphaae 

alternators,  40 
Asychronous  generator,  491 
Asynchronous  motors,  427 
Auto-transformers,  225 

B 

Balancer-coil    for    Dobrowobky 

generator,  676 
Banking  transformers,  199 
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INDEX  TO  SECOND  COURSE 


Banks  of  transformers,  parallel 
connection  of  three-phase,  262 

Big  Bend  -  Oakland  transmis- 
sion line,  362 

Binding  of  two  electric  charges,  369 

Bm,  flux  density  in  transformers, 
139 

Booster,  synchronous,  639 

Bracing  of  windings  of  alter- 
nators, 59 

Break-down  point  of  induction 
motor,  466 

Brush-raising  device,  664 


Cables,  overhead,  capacitance  of, 

374 
Capacitance,  of  long  transmission 
line,  362 
of  overhead  cables,  374 
of  underground  cables,  404 
to  ground,  371 
to  neutral,  376 
Capacity       (electrostatic),       sec 

Capacitance 
Capacity,  of  alternators,  55 
of  six-ring  converter,  632 
of  three-ring  converter,  628 
relative,  of  two-ring,  three-ring 
and  six-ring  converters,  621 
Capacity  reactance,  362 
of  long  transmission  lines,  381, 
383 
Cascade  arrangement  of  induction 

motors,  488 
Charging  current,  364,  379,  381 
effect  of  e.m.f.  of  non-sine  wave- 
form on,  390 
Choke  coils,  407 

Circle     diagram     for     induction 
motors,  497 
for  synchronous  motors,  559 


Circular  field  of  induction  motors^ 

508 
Commuting  polos  on  oonverters, 

659 
Compensating  winding  in  series 

motors,  525 
Compensator,  line  drop,  348 
starting,  for  polyphase  induc- 
tion motor,  454 
Compensator  type  of  feeder  volt- 
age regulator,  281 
Compound-wound  converters,  647 
Concatenation  of  arrangement  of 

induction  motors,  488 
Condensers,  365 
capacity  of,  373 
in  series,  373 
in  parallel,  372 
effect  of  alternating  voltage  on, 

379 
synchronous,  109,  567 
Condenser    t3rpe    of    transformer 

terminal,  126 
Constant-current  transformer,  1 73, 

290 
Constant  losses  in  alternator,  12 
Constant-potential      transformer, 

172 
Constant   voltage   regulation   by 

synchronous  reactors,  570 
Contact-making  voltmeter,  348 
Control  of  converter  voltage,  637 
Converter,  synchronous,  586,  587 
brush-raising  device  on,  664 
capacity  of  six-ring,  632 
capacity  of  three-ring,  628 
commutating  poles  in,  659 
compound-wound,  647 
control  of  direct  voltage,  637 
current  ratios  in,  604 
damping  grids,  661 
diametral   connections   to 
ring,  607 
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Ck)nveiter,    double^elta    connec- 
tion, 612 

efficiency,  676 

end-plan  device,  667 

equalizer  connections  on,  666 

field-break-up  switch  on,  663 

heating  in,  621 

hunting  in,  660 

induction  motor  effect,  661 

inverted,  (502,  671 

losses  in,  675 

mechanical  structure,  675 

motor  and  generator  actions  in, 
618 

overload,  634 

parallel  operation  of,  673 

rating  of,  634 

ratio  of  direct  e.mi.  to  alter- 
nating e.m.f .,  594 

regulation,  635 

regulating  pole,  640 

relative  capacities  of  two-,  three- 
and  six-ring,  621 

rotary  (see  Converter,  synchro- 
nous) 

six-phase,  597 

six-phase   on   three-phase   sys- 
tems, 607 

split  pole,  640 

starting,  661 

three-phase,  597 

versus  motor-generator,  588 
Cooling  of  transformers,  121 
Cooling  vanes  on  rotor,  4 
Copper    losses    in    transformers, 
146 

method  of  measuring,  147 
Core-loss  current,  135 
Core  losses  in  alternators,  13 
Core  loss  of  transformer,  144 

method  of  measuring,  147 
Corona,  loss,  410 

critical  voltage,  410 


Counter    e.m.f.    of    synchronous 

motor,  542 
Critical  voltage  (corona),  410 
Current,  charging,  364,  379,  381 
Current-limiting  reactance  coils,  59 
Current  of  induction  motor,  when 

starting,  457 
when  loaded,  463 
Current  ratios  in  converter,  604 
Current  surges,  405 

D 

Damping  grids  in  synchronous 
motors,  577 

Damping  grids  on  converters,  660 

Delta-delta  connection  of  trans- 
formers, 236 

Delta-star  connection  of  trans- 
formers, 235 

Diametral  connection  of  trans- 
formers to  converters,  246, 607 

Dielectric,  366 

Dielectric  power,  405 

Disconnecting  alternators  from 
bus-bars,  108 

Disruptive  critical  voltage 
(corona),  410 

Distributing  lines,  323 

Distributing  transformers,  152 

Distribution  of  load,  on  paralleled 
alternators,  98,  102 
not  controlled  by  field  excita- 
tion, 105 

Dobrowolsky  direct-current  gen- 
erator, 675 

Double-delta  connection  of  trans- 
formers to  converter,  246 

Double-star  connection  of  trans- 
formers, 233 

Double-tee  connection  of  trans- 
formers to  six-ring  converter, 
702 
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Economy  versus  efficiency,  15 
Eddy-current  loss  in  transformers, 

145 
Effective  resistance  of  armature 

of  alternator,  24 
Efficiencies  of  tjrpical  alternators, 

18 
Efficiency,  advantage  of  high,  9 
affected  by  economy,  15 
of  converters,  675 
relation  of  load  to,  10 
what  good  efficiency  is,  15 
Electricity,  theory  of,  368 
Electrified  bodies,  forces  between, 

369 
Electrolytic  rectifier,  685 
End-play  device  on  converter,  667 
Equalizer    connections    on    con- 
verters, 666 
Equalizer  rheostats,  55 
Equivalent  harmonic,  137 
impedance  drop,  181 
reactance  drop,  181 
resistance  drop,  181 
resistance  and  reactance,  176 
Excitation  for  alternators,  54 
Exciting  current  of  transformer, 
134 
effect  of  over-voltage  on,  160 


Farad,  365 
Feeders,  72 
Feeder  voltage  regulators,  280, 348 

automatic,  285 

compensator  t3rpe,  281 

induction  type,  281 
Field-break-up  switch,  663 
Field  excitation  governs  pow^- 
factor     of     alternators     in 
parallel,  105 


Field  strength,  effect  of  In  ayu" 
chrcmous  motor,  550 
most  economical,  553 
V-curves  of,  553 
Fifth  harmonic,  392 
Fixed    charges    on    tranflmiaaioa 

line,  326 
Flashing  at  brushes  of  converters, 

668 
Fluctuating   load,  dfect    of    on 

capacity  of  alternator,  4 
Flux   density   (Bm),    importance 
of,  139 
effect  of  frequoicy  upon,  141 
effect  of  voltage  upon,  141 
Flux  in  transformer  varies  accord- 
ing to  sine  law,  131 
Frequency     changer,     induction 

motor,  494 
Frequency,  choice  of,  324 
effect  of  wrong  frequency  on  in- 
duction motor,  483 
of  alternators,  control  of,  107 
standard,  324 
Friction  and  windage  losses,  13 
Fundamental  harmonic,  392 

G 

Generator  action  in  converters,  618 

Generator,  induction,  491 

Governing  of  alternator's  speed, 
102 

Governor,  speed  regulation,  102 

Grids,  damping,  in  synchronous 
motors,  571 

Grids,  damping,  on  oonvoten,  660 

Grounding  of  switchboard  in- 
struments, 297 


Harmonic,  equivalent,  137 
fundamental,  392 
minor,  392 
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Heating  of  aiternatora,  A.I.E.E. 

rules,  6 
Heating  of  alternators,  2 
Heating  of  converter,  621 . 
Heating  of  transformers,  122 
Horn  gap,  407 

Hot  spots  in  transformer  ooils,  122 
Hmiting,  in  converters,  660 
in  paralleled  alternators,  94 
of  synchronous  motors,  577 
Hysteresis  current  of  transformer, 

134 
Hysteresis  loss   in   transformers, 
122,  134,  144 


Impedance  drop,  equivalent,  181 
effect  of  unequal,  214 
expressed  in  percentage,  184 
of  transformer,  176 
of   transformers    connected   in 

parallel,  175 
ratio  of  paralleled  transformers, 

202 
short  circuit  test  for,  182 
synchronous,  43 

Induction  generator,  491 

Induction  motor,  effect  of  air  gap, 
481 
effect  of  rotor  resistance,  473 
effect  of  wrong  frequency,  483 
effect  of  wrong  voltage,  483 
effect     in     syn/^hronous     con- 
verters, 661 
loaded  characteristics  of,  463 
magnetic  leakage,  465 
performance  curves,  467 
pull-out  torque,  466 
speed-torque  curve,  464 

Induction   motor,   polyphase,   as 
frequency  changer,  494      v 
as  induction  generator,  491 


Induction  motor,  polyphase^  con- 
struction of,  429 
circle  diagram,  497 
in  cascade,  488 
rotating  field  of,  440 
sUp  of,  434 
speed  control  of,  486 
starting  characteristics,  446 
starting  compensator  for,  454 
starting  torque,  452 
synchronous  speed  of,  433 
theory  of,  432 
Induction  motor,  single-phase,  cir- 
cular field,  506 
methods  of  starting,  510 
shading  coU,  512 
Induction    regulator    with    ocm- 

verter,  639 
Induction  type  of  feeder  voltage 

r^^lator,  281 
Instrument  transformers,  298 
Insulation  of  transformer  wind- 
ings, 141 
Interleaved  transformer  coils,  166 
Inverted  converter,  602,  611 
Iron  core  loss  in  transformers,  122 
Iron  losses  in  transformers,  144, 

149 
Irregular   wave  forms  of  e.m.f., 
effect   of    on    charging    cur- 
rent, 390 


K 


Knee  of  saturation  curve,  136 


Laminations  in  transformer  core, 

thickness  of,  146 
Leading    currents    in    paralleled 

alternators,  110 
Leakage  (magnetic)  in  induction 

motor,  465 


722 


INDEX  TO  SECOND  COURSE 


Leakage     reactance,     of     trans- 
former, 164 
fluxes,  165 

Lena'  law  for  transformer  in- 
duction, 129 

Lightning  arresters,  406 
aluminum  arrester,  409 

Lightning  discharges,  efifect  of  on 
line,  405 

Lightning  protection,  407 

Line  drop  compensators,  348 

Line  regulation,  332 

Load  capacity  of  alternators,  55 

Load  component  of  transformer 
current,  132 

Load  curve  for  central  station,  331 

Load  distribution,   on  paralleled 
alternators,  78,  102 
not    controlled   by   field   exci- 
tation, 105 

Load  factor,  143 

Load,  maximum  of  synchronous 
motor,  547 

Load  voltage,  how  to  compute,  345 

Long  transmission  lines,  362 
regulation  of,  400 

Losses  in  alternators,  1 1 

Losses  in  converters,  675 

M 

Magnetic  field  rotating,  440 

Magnetic  leakage  in  induction 
motor,  465 

Magnetic  power  component  of 
transformer  current,  134 

Magnetic  separators,  in  repulsion 
motor,  519 

Magnetizing  current  of  trans- 
former, 130 

Mechanical  forces  in  transformer 
coils,  175  I 

Mechanical  structure  of  con- 
verters, 675 


Mesh  connection  of  transformer, 
240 

Mercury-arc  rectifier,  679 

eflSciency  of,  684 

rating  of,  683 

three-phase  operation,  683 

wave-form    of    direct   current 
from,  681 
Microfarad,  365 

Midcoil,  heating  of,  in  converter, 
621 

Minor  harmonic,  392 
third  harmonic,  392 
fifth  harmonic,  392 

Motor  action  in  converters,  618 

Motor-converter,  669  • 

Motor-generator  converter,  586 

Motors,  asynchronous,  427 
polyphase  induction,  429 
series,  521 

compensating  winding,  525 
reactance  leads  in,  528 
resistance  leads  in,  528 
synchronous,  108 

armature  current  of,  542 
as  condensers,  567 
as  phase  modifiers,  567 
as  voltage  regulators,  570 
circle  diagram  for,  557 
counter  e.m.f.  of,  542 
damping  grids  in,  577 
efifect  of  field  strength,  550 
hunting  of,  577 
maximum  load  of,  547 
most  economical  field  strength 

of,  553 
running  torque  of,  541 
speed  of,  541 
starting,  579 
structure  of,  541 
synchronous  position  of,  542 
V-curvee  for,  553 
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Non-agiiig  of  silicon  steel,  147 

O 

Oil  ducts  in  transformers,  122 

Oil  in  transformers,  122 

Oil-switch,  62 

•Open-delta  connection  of  trans- 
formers, 258 

OsciUations  of  current,  405 

Output  of  alternators  limited  by 
temperature  rise,  4 

Overhead  cables,  capacitance  of, 
374 

Overload,  rating  of  converters,  634 

Over-voltage,  effect  erf  on  trans-^ 
formers,  156 


Parallel  connection  of  transform- 
ers, 175 
Paralleling    transformers,    proper 
conditions  for,  201 
unequal  impedance  ratios,  214 
unequal  ratios  of,  206 
unequal  reactance  ratios,  218 
Parallel  operation  of  alternators, 
72 
lamp  synchroscope,  80 
sharing  of  load,  74 
s3mchronizing,  78 
Parallel  operation  of  converters, 

673 
Peak  load,  154 

Percentage  method  of  expressing 
impedance,     resLstanoe,     re- 
actance, etc.,  184 
Performance  curves  of  induction 

motor,  467 
Performance  of  generators,  1 
Performance  of  induction  motors 
from  circle  diagram,  497 


Phantom  load  on  alternators,  87 

Phase-modifiers,  567 

Phase  relations  between  flux  and 
induced  e.m.f .  in  transformer, 
129 

Pipes,  cooling  (of  a  transformer), 
123 

Polarity,     of     paralleled     trans- 
formers, 201,  203 
A.I.E.E.  rules  for  marking,  203 
determination  of,  204 

Poles,  oommutating,  on  convert- 
ers, 656 

Polyphase  alternators,  armature 
reaction  in,  40 

Polyphase  connections  of  trans- 
formers, 199,  231 
possible  combinations  for  three- 
phase,  232 

Polyphase  induction  motor,  con- 
struction of,  429 
in  cascade,  488 
speed  control  of,  486 

Power  capacity  of  transformers, 
122 

Power-factor  effect  of  power- 
factor  of  load  on  voltage  of 
alternator,  19 

Power-factor,  effect  on  regulation 
of  transformer,  170 
effect  on  regulation  of  altema^ 
tors,  20 

Power-factor  of  alternators  in 
parallel  controlled  by  field 
excitation,  105 

Power-factor  of  induction  motor, 
when  starting,  457 
when  loaded,  463 

Power-factor,  usual  value  of,  on 
alternators,  20 

Power,  synchronizing,  92 

Practical  vector  diagram  for  trans- 
formers, 168 
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Primary  coils  of  transforms,  121, 
126 

Pull-out     torque     of     induction 
motor,  466 
rotor  resistance  effect  on,  478 

Pulsation    of    converter,    direct- 
voltage,  636 

R 

Rating  of  converters,  634 
Ratio  of  a  transformer,  127 
Ratio  (turn)  of  transformer,  187 
Reactance  (armature),  effect  of  on 
terminal    voltage    of    alter- 
nator, 25 
Reactance,  capacity,  362 
Reactance  coils,  current  limiting,  59 
Reactance,  equivalent,  176 
Reactance  leads  in  series  motors, 

528 
Reactance,  leakage,  164 
Reactance    ratios    of    paralleled 
transformers,  202 
effect  of  unequal  ratios,  218 
Reactance,  series  in  armature,  94 
Reactance,  series  with  converter, 

647 
Reactance,  synchronous,  43 
Reaction,   armature,   in   alterna- 
tors, 24 
Reactors,  synchronous,  570 
Rectifiers,  586,  679 
electrolytic,  685 
function  of,  120 
mercury-arc,  679 
three-phase  operation,  682 
wave-form  of  direct-current,  681 
Regulating  pole  in  converter,  640 
Regulation,    constant    by    syn- 
chronous reactors,  570 
in  short  transmission  line,  unity 
power-factor,  332 


Regulation,  leas  than  unity 

factor,  335 
Regulation  of  alternators^  A.I£  JS. 
rule  for,  47 
automatic,  53 
poor  to  limit  ahortrdrcuit  our- 

rents,  59 
eynchronous  impedance  method, 
45 
Regulation,  effect  of  power-factor 
on,  170 
oi  generators,  1 
of  long  transmission  line,  40O 
of  transformer,  A.I^.E.  roles^ 

186 
of  three-phase  line,  341 
of  three-phase  line  with  delta- 
connected  load,  344 
of  transf(Nrmer  voltage,  164^  166 
importance  of,  172 
Regulation,  voltage  of  altematoTB, 
19 
of  converters,  635 
Regulators,  feeder  vdtage,  280, 
348 
compensator  type,  281 
induction  type,  281 
Regulator,  induction,  with  con- 
verter, 639 
Relay,  62 

Repulsion  motor,  for  starting  oC 
single-phase  induction  motovs, 
512 
Repulsion  motor,  514 
magnetic  separators,  519 
operating  characteristics,  517 
Reedstance  (effective)  of  armature 

of  alternator,  24 
Resistance,  equivalent,  176 
Resistance  leads  in  series  motor, 

428 
Rise  in  voltage  at  end  of  long  un* 
loaded  line,  398 
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Rotary  converter,  see  CoiiTerter, 

synchronous 
Rotating  magnetic  field,  440 
Rotor  of  induction  motor,  429 

squirrel-cage,  431 

wound  rotor,  431 
Rotor    resistance    of    induction 
motor,  effect  of,  473 

effect  on  starting  torque,  456 

S 

Saturation  curve,  136 
Soott  transf  ormo*,  249 

current  relations  in,  254 
Secondary   coils   of   transformer, 

121,  126 
Series  motor,  521 

compensating  winding,  525 

reactance  leads  in,  528 

resistance  leads  in,  528 
Series  reactance  in  armature,  94 
Series  transformers,  298 

for  lighting  circuits,  308 

impedance  of  secondary  circuit 
of,  303 
Shading  coil  for  single-phase  in- 
duction motors,  512 
Shell  type  of  three-phase  trans- 
formers, 275 
Short  circuits,  on  alternators,  58 

limited  by  reactance  coils,  59 
Short-circuit  test  for  impedance 

of  transformers,  182 
Short  transmission  lines,  323 
Siliocm  steel  for  transformers,  145 

non-aging  of,  147 
Single-phase  induction  motor,  506 

circular  field,  508 

methods  of  starting,  510 

repulsion  motor,  512,  514 

shading  coil,  512 

split-phas^  511 


Six-phase  converter,  597 

on  three-phase  Bystenm,  607 
Six-phase  from  three-phase,  237 
diametral   connection   to   con- 
verters, 246 
mesh  connection  of  transform- 
ers, 240 
Six-ring  converters,  capacity  of, 
632 
connected  to  transformers  con- 
nected double-tee,  702 
connections  of  transformers  to, 

246 
diametral  connection,  607 
double-delta  connection,  612 
relative  capacity  of,  621 
Size  of  wire,  for  three-phase  line, 
338 
in  transmission  line,  323,  325 
Skin-effect  (A  current,  24 
.Slip,  of  induction  motor,  434 
Speed  control   of  polyphase  in- 
duction motor,  486 
Speed  of  s3mchronous  motor,  541 
Speed  regulation  of  alternators  in 

parallel,  102 
Speed-torque  curve  of  induction 

motors,  464 
Split-phase    starting    of    single- 
phase  induction  motors,  511 
Split-pole  converter,  640 
Squirrel-cage  rotor  of  induction 

motor,  431 
Squirrel-cage  winding?  in  synchro- 
nous motors,  577 
Star-star    connection    of    trans- 
formers, 233 
Star  connection  of  transformers 
from  three-phase  to  six-phase 
transformation,  240 
Starting  characteristics  of  poly- 
phase induction  motor,  446 
current,  457 
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Starting  oharacteristios  of  poly- 
phase induction  motor,  power- 
factor,  457 
torque,  452 
Starting    compensator   for   poly- 
phase induction  motor,  454 
Starting  methods  of  single-phase 
induction  Imotors,  510 
as  repulsion  motor,  512,  514 
shading  coil,  512 
split-phase,  511 
Starting,  of  synchronous  convert- 
ers, 661 
Starting  of  synchronous  motors, 

579 
Starting  torque  of  polyphase  in- 
duction motors,  452 
Station  transformers,  152 
Stator  of  motor,  429 
Substation  transformer,  153 
Surges  of  current,  405 
Switch,  fiield-break-up,  663 
Switching  operations,  effect  of  on 

line,  405 
Synchronizing  currents,  87 
S3mchronizing  of  paralleled  alter- 
nators, 78 
Synchronizing  power,  92 
Synchronous   booster    with    con- 
verter, 639 
S3nichronous  condenser,  109,  567 
S3nichronous  converters,  see  Con- 
verter, synchronous 
S3mchronous  impedance,  of  alter- 
nators, 43 
method  of  calculating  regula- 
tion, 45 
Synchronous  motor,  108 
armature  current  of,  542 
as  condenser,  567 
as  phase  modifier,  567 
as  voltage  r^^ulator,  570 
circle  diagram  for,  557 


Synchronous  motor,  counter  e.m^. 
of,  542 
damping  grids  in,  577 
effect  of  field  strength,  550 
hunting  of,  577 
maximum  load  of,  547 
most  economical  field  strength 

of,  553 
running  torque  of,  541 
speed  of,  541 
starting,  579 
structure  of,  541 
synchronous  position,  542 
V-curves  for,  553 
S3mchronous  position  in  synchro- 
nous motor,  542 
Synchronous  reactance  of  alter* 

nators,  43 
Synchronous  reactors,  570 
Synchronous  speed  of  induction 

motor,  433 
Synchroscope,  79    . 


Tap  coil  in  converter,  heating  of, 

621 
T-connection  of  transformer,  249 

current  relations- in,  254 
Tee,     double-tee    connection    of 

transformers  to  converter,  702 
Temperature,   effect   of   on   ma- 
terials, 3 
Terminals  of  transformer,  method 

of  bringing  out,  126 
Theory  of  electricity,  368 
Third  harmonic,  392 
Three-phase  banks  of  transformers, 

parallel  connection,  262 
Three-phase  converter,  597 
Three-phase  transmission  line,  coet 

of,  338 
Three-phase  to  six-phase  tran»> 

formation,  237 
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Three-phaae  to  six-phase   trans* 
formation,  diametral  connec- 
tion to  converters,  246 
double-delta  connection  to  con- 
verters, 246 
mesh  connection  to  transform- 
ers, 240 
Three-phase  to  two-phase  trans- 
former connection,  249 
open-delta,  258 
Soott  connection,  249 
T-connection,  249 
Three-phase  transformers,  272 
Three-phase  transformer  connec- 
tions, 252 
Three-ring  converter,  capacity  of, 
628 
relative  capacity  of,  621 
Three-wire  generator,  direct  cur- 
rent, 675 
Tirrill  voltage  regulator,  54 
Torque    of    synchronous    motor, 

running,  541 
Transformer,  air  blast  type,  123 
auto-,  225 
banking  of,  199 
calculation  of  regulation,  186 
connections  for  three-phase  to 
six-phase,  237 
diametral      connections      to 

transformer,  246 
double-delta   connections   to 

converters,  246 
mesh  connection,  240 
star  connection,  238 
connections   for   two-phase   to 
three-phase  systems,  249 
open-delta,  258 
Scott  S3r8tem,  249 
T-connection,  249 
connections      to      three-phase 
systems,  232 
FF,233 


Transformer  connections  to  three- 
phaae  systems,  FA,  234 
AF,  235 
M,  236 

constant-current,  173,  290 
instrument,  298 
series,  298 

constant-potential,  172 

cooling  of,  121 

core-loss  current,  136 

distributing,  152 

double-tee  connection  to  con- 
verters, 702 

efficiency,  120 

exciting  current,  134 

function  of,  120 

fundamental  principles,  120, 126 

heating  of,  122 

hysteresis  current,  134 

impedance  of,  176 

impedance  of,  in  parallel,  175 

leakage  reactance,  164 

leases  and  efficiency,  143 

losses  of,  121 

magnetic  power  component  of 
current,  134 

magnetizing  current,  130 

oil-insulated,  water-cooled,  124 

on  wrong  voltage,  156 

operation  and  pol3rphase  con- 
nections, 199 

paralleling,    proper    conditions 
for,  201 

performance  of  t3rpical,  149 

phase    relations    between    flux 
and  induced  e.m.f.,  129 

primary  coils,  121,  126 

ratio  of,  127 

regulation,  120 

secondary  coils,  121,  126 

short-circuit  test  for  impedance 
(A,  182 

station  or  power,  152 
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TraiiBfarmer,  structure  of,  120 
substation,  153 
terminals  of,  126 
three-phase,  272 
core-type,  273 
shell-type,  275 
turn  ratio  of,  187 
value  of  Bm  in,  139 
voltage,  effect  of  power-factor 

on,  170 
voltage  regulation,  164 
Transmifwion,  frequency  of,  324 
Transmission  Une,  fixed  charges, 
326 

regulation,  332 

voltage  drop  in  short  line,  332 
yearly  charges,  326 
Transmission  line,  long,  362 
capacity  reactance  of,  383 
rise  in  voltage  at  unloaded  re- 
ceiving end,  398 
underground,  404 

Transmission  line  short,  323 
choice  of  alternating  or  direct 

voltage,  324 
most  economical  size  of  wire, 

323,  325 
single-phase,  short,  323 
voltage,  choice  of,  323 
Transmission    line,     three-phase, 
costc^,  338 
regulation,  341 
size  of  wire  for,  338 
Turn    ratio    of    a    transformer, 

187 
Two-phase  to  three-phase  trans- 
former connection,  249 
open-delta,  258 
Scott  connection  240 
T-connection,  249 
Two-ring  converter,  relative  ca- 
pacity of,  621 


U 

Underground  cables,  404 

Unequal   voltage  ratios  in   par- 
alleled transformers,  206 

Unsteady  voltage,  effects  of,  in 
alternators,  22 
causes  c^,  23 


Variable  losses  in  alternator,  12 
V-curves  of  synchronous  motor, 

553 
Vibrating  rectifier,  687 
Voltage,   at  load,   how  to  com- 
pute, 345 
drop  in  short  line,  332 
effect  of  wrong  voltage  on  in- 
duction motor,  483 
of  alternator  affected  by  load, 

19 
of  alternators  in  parallel,  107 
of  transmission  line,  323 
-regulation  of  altemlKtors,  19 
synchronous  impedance 

method,  45 
Voltage  regulation  of  altanatorsy 
A.I.E.E.  rule  for,  45 
automatic,  53 
Voltage  regulation,  of  convertefa» 
635 
o{  transformers,  164,  165 
effect  of  power-factor  on,  170 
Voltage  regulator,  54 
Voltage  regulator  (feeder),  280 
automatic,  285 
compensator  type,  281 
induction  type,  281 
Voltage  to  neutral,  344 
Voltage,  unsteady,  effects  of,  in 
alternator,  22 
causes  of  in  alternators,  23 
Voltmeter,  contact-making^  349 
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W 

Water-cooled  transformers,  124 
Wave-forms,  irregular  e.rni .,  effect 
of  on  charging  current,  390 
fundamental  harmonic,  392 
minor  harmonic,  392 
Windings  of  alternators,  bracing 

of,  59 
Wound  rotor  induction  motor,  431 


Wound   rotor    induction    motor, 
efficiency  of,  471 
performance  curves  of,  467 

Wrong   voltage,    effect    of   oper- 
ating transformers  on,  156 


Yearly   charges   on   transmission 
line,  326 
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